



OXYLIPIN PHYTOHORMONES IN  
PLANT-INSECT INTERACTIONS:  
ACTION AND METABOLISM OF JASMONIC ACID 







zur Erlangung des akademischen Grades  
doctor rerum naturalium (Dr. rer. nat.)  
 
vorgelegt dem Rat der Chemisch-Geowissenschaftlichen Fakultät  













von Diplom Chemikerin  
Paulina Anna Dąbrowska 
 
























1. Prof. Dr. Wilhelm Boland Department of Bioorganic Chemistry, 
Max Planck Institute for Chemical 
Ecology, Jena 
2. Prof. Dr. Rainer Beckert Institut für Organische Chemie und 
Makromolekulare Chemie,  
Friedrich Schiller Universität, Jena 
3. Prof. Dr. Dr. h. c. mult. Wittko Francke Abteilung für Organomeereschemie, 
Universität Hamburg, Hamburg 
 




























“I am among those who think that science has great beauty. A scientist in his 
laboratory is not only a technician: he is also a child placed before natural 
phenomena which impress him like a fairy tale.” 
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Abbreviations and symbols 
12,13-EOT  12,13–epoxyoctadecatrienoic acid 
13-HPOT  (13S)-hydroperoxyoctadecadienoic acid 
ABC transporter ATP-binding cassette transporter 
ACC   1-amino cyclopropane-1-carboxylic acid 
ACX1   acyl-CoA oxidase 1 
AOC    alleneoxide cyclase 
AOS   alleneoxide synthase 
BA2H   benzoic acid-2-hydroxylase 
CoA   coenzym A 
COI1   CORONATINE INSENSITIVE 1 
CTS   COMATOSE 
DAD   delayed anther dehiscence (mutant name) 
ET   ethylene 
FAC   fatty acid amino acid conjugates 
f.i.   for instance 
Fig.   figure 
GSH   reduced glutathione 
GST   glutathione S-transferase 
HR   hypersensitive response 
ICS   isochorismate synthase 
IPL   isochorismate puryvate lyase 
JA   jasmonic acid 
JAMe   jasmonic acid methyl ester 
JA-Ile   jasmonoyl-L-isoleucine 
JAZ   JASMONATE ZIM-DOMAIN 
KAT   L-3-ketoacyl CoA thiolase 
LOX   lipoxygenase 
MAPK   mitogen-activated protein kinase 
MFP   multifunctional protein 
NPR1   NON EXPRESSOR OF PR1 
NCI   negative chemical ionization 
OPC 8:0  8-[(1S,2S)-3-Oxo-2-{(Z)-pent-2-enyl}cyclopentyl]octanoate 
OPDA   cis-(+)-12-oxophytodienoic acid 
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OPR   OPDA-reductase 
PAL   phenylalanine ammonia-lyase 
PAPS   3'-phosphoadenosine-5'-phosphosulfate 
PFBHA  O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride  
PFBO   O-(2,3,4,5,6-pentafluorobenzyl)oxime 
PIs   proteinase inhibitors 
PIN   wound induced proteinase inhibitors 
PR   pathogenesis related (proteins) 
PUFA   polyunsaturated fatty acid 
ROS   reactive oxygen species 
SA   salicylic acid 
SABP   salicylic acid binding protein 
SAR   systemic acquired resistance 
ST   sulfotransferase 
Tab.   table 
TD   threonine deaminase 
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1. General Introduction 
In his very early attempts to segregate all living things, Aristotle distinguished 
the kingdom of plants, regarded as non-moving organisms confined to one habitat 
place, from the kingdom of mobile animals. The seemingly trivial fact that plants are 
unable to run away from their enemies is also one of the main reasons that flora was 
forced to evolve a set of sophisticated defensive strategies. As early as 1888 Jenaer 
biologist Ernst Stahl suggested that the enormous variety of protective strategies 
plants have, including an impressive amount of chemicals, was shaped and 
optimized under the selection pressure of the animal kingdom.[1, 2] Obviously, in the 
course of co-evolution plants‟ enemies, such as insect herbivores or pathogens, 
developed corresponding counter-adaptations.  
1.1. Phytohormones regulating plants’ defenses 
Plant defensive strategies can be generally divided into two major groups: 
energetically costly, but always present constitutive defenses, and the more 
economical inducible defenses.[3] Constitutive defenses include mechanical 
protection (thorns, spikes, trichomes)[4], defenses mediated by deterrent or toxic 
secondary metabolites (alkaloids, glucosinolates, terpenoids and phenolics) [5, 6] and 
compounds that inhibit digestion, for example, proteinase inhibitors (PIs).[7] Less 
evident inducible defenses have gained attention only recently.[8] They include plant 
protective means that are activated exclusively upon attack. Next to the induced 
synthesis of secondary metabolites [8, 9], one of the most prominent examples of plant 
induced defense is herbivore-elicited volatile emission and the secretion of extrafloral 
nectar.[10-12] 
The success of inducible plant defenses depends highly on the efficient and fast 
recognition of the attack, which in turn is relative to the signaling cascade responsible 
for the alteration of gene expression. The important role of signals 
mediating/regulating plant stress responses is carried out by a set of phytohormones; 
among these, a crucial role is assigned to jasmonic acid (JA) (1) and its precursors 
and derivatives (collectively known as jasmonates), salicylic acid (SA) (2) and 
ethylene (ET).[13, 14] 
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1.1.1. Jasmonates  
The JA-mediated wound response to herbivore feeding can lead to the volatile 
emission as well as to the formation of defense secondary metabolites or defense 
proteins. A correlation between JA and the induction of phytoalexin biosynthesis 
(including the biosynthesis of flavonoids, alkaloids, terpenoids) has been 
demonstrated.[9, 15-17] Another example of JA-linked response is the induced 
formation of PINs, leucine aminopeptidases and threonine deaminase (TD) in tomato 
[13, 18, 19], which are thought to inhibit proteolytic degradation in the midgut of 
herbivores. Whereas both of these factors have an immediate effect on a feeding 
herbivore and thus are part of plants‟ direct defense, the emission of volatiles can 
constitute a part of direct or indirect defense. Some components of released volatile 
blends are directly repelling [20, 21], whereas some attract herbivores‟ enemies - 
predatory arthropods [22-27] - and in this way play an indirect role in plants‟ defense. 
Moreover, evidence accumulates suggesting that volatiles play a role in plant-plant 
communication [28-30] and in within-plant signaling [31], which also contributes to plant 
defense strategies. Another interesting example of a JA-mediated indirect defense 
response to herbivory was recently shown for lima bean (Phaseolus lunatus), which 
secretes a sweet extrafloral nectar; the nectar in turn attracts ants and these reduce 
the rate of herbivory.[11, 12] 
The collective term „jasmonates‟ describes a group of compounds belonging to 
the oxylipin family - lipid-derived metabolites in plants. The first physiological effects 
of this compound class were discovered for jasmonic acid (1) and its methyl ester in 
1980, where they were shown to act as senescence-promoting [32] and growth-
inhibiting agents.[33] Jasmonates were later found to play an important role in many 
other processes involving plant growth and development, i.e. seed germination, 
flower formation, reproductive development.[34] On the other hand, what really 
secured a lasting interest in this phyotohormone group was their signaling function in 
the responses of plants to abiotic (ultraviolet radiation [35], ozone [36], salt stress [37]) 







Figure 1. Overview of the biotic and abiotic stress responses and developmental processes in which 




JA biosynthesis was elucidated in the early 80‟s by Vick and Zimmerman.[40-42] 
Like other oxylipins, jasmonates originate from -linolenic acid (18:3) (3) released 
from chloroplast membranes. While phopspholipid-hydrolyzing enzymes belong to at 
least five different families [43], a direct link to JA biosynthesis has so far been proven 
only for phospholipase A2 
[44] and DAD-like phospholipase A1.
[45] The free fatty acid 
(however activity of 13-LOX with PUFAs esterified to phospholipids has also been 
demonstrated [46, 47]) is subsequently oxidized by the action of 13-lipoxgenase (13-
LOX) to hydroperoxide – (13S)-hydroperoxyoctadecadienoic acid (13-HPOT) (4) and 
further down to the unstable 12,13–epoxyoctadecatrienoic acid (12,13-EOT) (5) by 
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13-alleneoxide synthase (13-AOS) (Fig.2).[48-50] The next enzyme of the biosynthetic 
pathway, the alleneoxide cyclase (AOC), closes the cyclopentenone ring and 
establishes the configuration of cis-(+)-(9S,13S)-12-oxophytodienoic acid (OPDA) 
(6).[51, 52] OPDA is the final product of the plastid-located part of JA biosynthesis. The 
subsequent step, reduction of the ring localized double bond, is catalyzed by 
peroxisomal OPDA reductase (OPR 3).[53, 54] Though there are hints correlating the 
import of OPDA or its CoA ester into peroxisomes with the ABC transporter 
COMATOSE (CTS), it is still not exactly known how the transport of the OPDA 
between chloroplast and peroxisomes takes place.[55] The three subsequent cycles of 
-oxidation shorten the side chain of the 8-[(1S,2S)-3-Oxo-2-{(Z)-pent-2-
enyl}cyclopentyl]octanoate (OPC 8:0) intermediate (7) to form the final product of the 
pathway – (+)-7-iso-jasmonic acid (1). Recently a specific onset of three enzymes of 
this oxidation has been identified: acyl-CoA oxidase (ACX1) [56], multifunctional 
protein (MFP) [57] and a L-3-ketoacyl CoA thiolase (KAT).[58, 59] Interestingly, 
evidences increases that the -oxidative steps take place only with the corresponding 
CoA esters of OPDA and/or OPC 8:0 [57, 60], whose formation is catalyzed by the 4-
coumarate:CoA ligase like (4-Cl-like) enzymes.[60]  
Though the involvement of the jasmonic acid in signal transduction has been 
long established, detailed knowledge about how jasmonates regulate expression of 
genes coding for enzymes of secondary metabolism remained vague till recently. It 
was known that the F-box protein coronatine insensitive 1 (COI1) is required for the 
perception of jasmonates, based on the discovery of the first JA-insensitive mutant 
using the bacterial toxin coronatine (8), which is structurally and functionally similar to 
the JA-Ile (9).[34] This protein forms a part of an enzyme complex called SCFCOI1, 
which was predicted to tag unknown regulators of jasmonate signaling with ubiquitin, 
leading in turn to their destruction. These unknown regulators have been newly 
identified as JAZ proteins.[61, 62] JAZ proteins are normally bound to transcription 
factors (MYC2) and inhibit their activity (Fig.3a). In response to attack, however, JA 
bound to isoleucine in form of JA-Ile (9) stabilizes the interaction between COI1 and 
JAZ. At this stage, JAZ proteins are probably already marked for destruction by 
ubiquitin. After JAZ proteins are destroyed they liberate the transcription factors 
(MYC2), which in turn allow the transcription of genes responsible for producing 
proteins involved in defense or developmental reactions (Fig.3b). There are also 




Figure 2. The JA biosynthetic pathway with important enzymes and intermediates, showing the 





- teins, in which JA signaling activates JAZ gene transcription and leads to the down-
regulation of jasmonate action.[64] 
 
Figure 3. Model for COI1-JAZ jasmonate signalling in Arabidopsis: a) JA-Ile promotes SCF
COI1
 
interaction with JAZ transcriptional repressors; b) this interaction leads to JAZ ubiquitination and 
subsequent degradation by 26S proteasome, which releases the MYC2 transcription factors (modified 




As the mechanism shows, not only JA is essential for signal transduction, but so 
is the JA derivative – JA-Ile. Amino acid conjugates of jasmonic acid were initially 
thought to be products of JA metabolism, and their formation was correlated with JA 
inactivation (Fig.4).[66, 67] The elucidation of their role points to the possibility that 
other naturally occurring jasmonates are also involved in important biological 
activities.  
Especially interesting in this regard is the immediate precursor of (1), 12-
oxophytodienoic acid (OPDA) (6). OPDA has been reported several times to play an 
important role in plant defence mechanisms, mainly by fine-tuning JA‟s responses, 
and by eliciting different effects that are independent from JA.[54, 68-73] In contrast to 
JA, (6) contains an -unsaturated carbonyl structure, which is highly reactive in the 
Michael addition reactions and thus makes OPDA potentially toxic.[74] The 
electrophilic properties of (6) have been addressed in a number of reports.  
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Figure 4. The metabolic fate of jasmonic acid (modified after Wasternack 2007 
[63]
). Newly 
biosynthesized cis-JA is easily transformed to trans-JA by isomerization, resulting in a molar 
equilibrium of about 9:1.
[66, 75]
 Trans-JA can be further metabolized to 1) cucurbic acid (10) by reducing 
the keto group 
[66, 76]
 and further to cucurbic acid-O-glucoside 
[66]
, 2) JA-ACC (11) by conjugating the 
carboxylic acid side-chain to ethylene precursor 1-amino cyclopropane-1-carboxylic acid (ACC) 
[67]
, 3) 
JAMe (12) by JA methyl transferase (JMT) 
[77]
, which can act as an endogenous as well as a volatile 
signal, 4) JA-Ile (9) by JAR1 
[67]
 (A. thaliana) or by JAR4 
[78]
, 5) jasmonoyl-1- -glucose (13) and similar 
derivatives 
[79]
, 6) cis-jasmone (14) by decarboxylation 
[80]
, 7) 12-OH-JA (15) by hydroxylation at C-12 
of the pentenyl side chain and further to (16) or (17) by corresponding sulfation or glucosylation.
[66, 79, 
81, 82]
 Most of these transformations reduce the activity of (1). The effect, however, can be just 
opposite, as in the case of (9), or the exact activity and correlated function of the putative metabolite 




Stinzi et al. [69] observed an induction of GST1 (glutathione S-transferase) gene 
in A. thaliana opr3 mutant exclusively after treatment with OPDA, which was 
attributed to the chemical properties of the cyclopentenone ring. The conjugation of 
OPDA with glutathione, indicated by the induction of the GST1 gene, was proven by 
Davoine et al.[84, 85] The authors found an OPDA-GSH adduct and showed that it 
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accumulated transiently in response to cryptogein elicitation in tobacco leaves. Also, 
more recently, the in vivo accumulation of the OPDA-GSH conjugate was reported in 
leaves of Arabidopsis thaliana, following a Pseudonomas syringae infection.[86] 
According to both groups, the conjugation of OPDA with glutathione represents one 
of the metabolic disposal routes for the products of the lipoxygenase pathway. 
Additionally, uniquely, OPDA was found in A. thaliana not only as free acid (or its 
methyl ester) but also esterified to galactolipids in the form of the so-called 
arabidopsides.[87-90] The diversity of esterified OPDA and its large amounts found in 
lipid membranes, which can be easily released in response to wounding, raise the 
question as to its biological functions. One of the arabidopside types – arabidopside 
E - was recently found to accumulate up to 8% of the total lipid content in the defense 
reaction to bacterial pathogen and to inhibit bacterial growth in vitro.[91] 
The octadecanoid-derived signaling pathway in plants has a parallel system in 
mammals, where prostaglandins and related eicosanoids are being synthesized from 
arachidonic acid (20:4). The similarities refer not only to the structural features 
(Fig.5), but also to the function of the resulting compounds. Prostaglandins in 
mammalian organisms, like jasmonates in plants, are responsible for mediating and 
regulating inflammatory events and pain responses.[92] It is thus reasonable to 
assume that since in both, plants and animals, the defense systems are based on 
lipid-derived signaling compounds, they might have developed from common 
ancestral organisms along a divergent evolutionary path.[93]  
 
Figure 5. Example of structural similarities between octadecanoid-derived plant signals and 
eicosanoid-derived animal signals.  
 
1.1.2. Oxylipin-related signals 
Next to the thoroughly studied jasmonate pathway, there are several other 
biosynthetic pathways, all originating from linole(n)ic acid. These lead to a myriad of 
oxygenated fatty acid compounds, collectively known as oxylipins. Though the 
primary role in plant defense responses is attributed to the jasmonates, it is 
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becoming obvious that an adequate reaction to many differing stress stimuli can 
require corresponding differential signals. Generally oxylipins can be formed either in 
enzymatic or non-enzymatic pathways. In the case of enzymatic pathways, the 
substantial branching leading to various compounds happens on the level of LOX-
generated hydroperoxides. They can be further transformed either by the allene 
oxide synthase pathway mentioned above (leading to OPDA and JA), or by the 
peroxygenase pathway (which might generate epoxides, epoxy alcohols), or by lyase 
pathway (leading to aldehydes and oxo-acids) (for a detailed review, see Blee 
1998[94] and 2002 [95]). The functions of all oxylipin compounds have not been yet 
elucidated. Nevertheless almost undisputed is the significance of aldehydes – 
products of the lyase pathway, e.g. leaf aldehyde (2(E)-hexenal), which can serve as 
insect attractant [96] but also exhibit antifungal activities [97] or traumatin (12-oxo-
10(E)-dodecanoic acid); the latter was suggested to trigger cell division near the 
wounding site, leading to the development of a protective “layer” around it.[98] Non-
enzymatically formed oxylipins are also referred to as phytoprostanes (as analogues 
of mammalians‟ isoprostanes) [99, 100] and have been reported to accumulate in plants 
in response to oxidative stress and to induce phytoalexin accumulation [101] (for a 
detailed review see Müller 2004 [102]).  
1.1.3. Salicylic acid 
While the function of jasmonates is usually correlated with plants‟ responses to 
herbivores, wounding stress and necrotrophic pathogens, SA is known to act as a 
signal for systemic acquired resistance (SAR) [103] and hypersensitive response (HR) 
in plants infected with biotrophic pathogens.[104, 105] A hypersensitive response is 
characterized by events that help to locally restrict pathogen growth, such as the 
localized death (necrosis) of host tissue around the site of infection. SAR, on the 
other hand, respresents the long-term development of enhanced resistance to a 
secondary infection, which is manifested throughout the plant.[106-108] Naturally both of 
these responses involve a significant amount of biochemical and molecular changes, 
as for instance: the synthesis of hydroxyproline-rich glycoproteins, cellulose, lignin, 
meant to fortify the cell walls; or the synthesis of pathogenesis-related (PR) proteins, 
which include e.g. -1,3-glucanases or chitinases that degrade the cell walls of 
microbes.[109] Like jasmonates, which act as a general signals to mediate the wound 
response, SA was shown to induce PR proteins in a wide range of plants (for review 
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see Raskin 1992 [110], Klessig and Malamy 1994 [111], Loake and Grant 2007 [112]) and 
to act as a traveling signal for SAR.[113-116] 
Recent findings shed light on the biosynthesis of SA. It seems that the prevalent 
amounts of (2) are synthesized from chorismate (20) (originating from shikimate 
pathway) via isochorismate (21).[117, 118] Nevertheless, an earlier proposed route [119, 
120] starting from phenylalanine (22) through trans-cinnamic acid (23) (involving 
phenylalanine ammonia-lyase (PAL)), and benzoic acid (24) may also be operative 
(Fig.6). Free salicylic acid is regarded as a signalling molecule. Its glucose esters 
and glucosides, which are detected as well in plant material, are considered to 
represent a storage form of a phytohormone.[121] A methylation of (2) [122] results in 
the formation of volatile methyl salicylate, which like JAMe can act as endogenous or 
as volatile signal.[123-125] 
 
Figure 6. Proposed pathways for biosynthesis of SA in plants: A) from chorismate via chloroplast-
localized isochorismate synthase (ICS) to isochorismate, which is then transformed by isochromate 
pyruvate lyase (IPL) to SA; B) from phenylalanine via phenylalanine ammonia lyase (PAL) to trans-
cinnamic acid, which is further converted to benzoic acid, subsequently hydroxylated to SA by the 
activity of benzoic acid-2-hydroxylase (BA2H). 
 
The exact mode of action of SA is not fully elucidated.[126] It is known that SA 
signalling is mediated by at least two pathways: NPR1 (NON EXPRESSOR OF PR1) 
dependent and NPR1 independent. It has been shown that SA enables and 
enhances the interaction of the NPR1 protein with a specific transcription factor, 
which in turn leads to the expression of PR genes.[127, 128] The NPR1 independent 
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pathway seems to be very complicated and its actual course is uncertain.[112, 126] 
Moreover, SA can specifically bind to a variety of plant proteins; its binding affects 
their activity, as in the case of SA-binding proteins (SABP).[129, 130] These proteins 
have been shown to possess catalase activity, which is blocked after SA binding.[129, 
131] Inhibited catalase activity can in turn lead to the accumulation of H2O2 and other 
reactive oxygen species (ROS), which can elicit various defence responses [132], 
including the activation of PR genes.[105, 111] 
1.1.1.4. Signalling network in stressed plants 
The signalling network in plants is activated in response to various stress 
stimuli. In the case of a herbivore attack it is the inflicted wound and the insect‟s oral 
secretion which acts as an additional elicitor.[10, 133, 134] Different elements of the 
caterpillar‟s regurgitate have been shown to activate plant responses, e.g. -
glucosidase from Pieris brassicae [135], glucose oxidase [136] or the extensively studied 
fatty acid amino acid conjugates (FACs), such as volicitin (N-(17-hydroxylinolenoyl)-
L-glutamine).[137-140] The reception of this primary signal is then followed by a 
cascade of different signal transduction events, including the depolarization of 
membrane potentials and intracellular calcium influx [141], the generation of ROS [142] 
or an induction of mitogen-activated protein kinases (MAPK) [143], both of which have 
been proposed to be the early activators of JA and SA pathways. Unfortunately our 
knowledge about these early signalling steps is still incomplete.[26]  
JA- and SA-mediated stress responses employ a set of different elements in 
their mode of action. Since the activation of defense strategies is energetically costly 
[144, 145], plants adjust the jasmonic acid, ethylene and salicylic acid pathways in ways 
that are most economically tailored to particular attackers. The interactions between 
JA, SA end ET can therefore be antagonistic, cooperative or synergistic, depending 
on the plant species and the combination of invaders (for review see Rojo 2003 [146], 
Koornneef 2008 [147]). 
In most of the cases, JA and the ethylene signaling pathway act synergistically 
[148, 149], especially in response to pathogens.[150-152] It has been shown that the 
expression of the ETHYLENE RESPONSE FACTOR (ERF1) requires both JA and 
ethylene signaling and that ethylene and JA treatment have a synergistic effect on 
the expression of ERF1.[153] 
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On the other hand, most of the reported cases of cross-talk between the SA and 
JA pathways are negative interactions.[154-156] SA was thought to block JA 
biosynthesis in the same way the salicylic acid derivatives block the prostaglandin 
synthesis in animals.[157-159] The actual mechanism seems to be more complicated 
than expected.[146, 147, 160] In addition SA suppresses JA-dependent signaling.[161, 162] 
Over the years, several molecular components of the SA/JA cross-talk have been 
elucidated (for a recent review see Koornneef 2008 [147]). Cases of cooperative and 
synergistic interactions between JA/ET and SA pathways have also been 
reported.[148, 163-168] It may be that the outcome of the interactions among the 
pathways is concentration or organ specific, which would allow responses to different 
attackers to be fine-tuned.[147, 166] 
1.2. Insect counter-adaptations 
The concept of a co-evolutionary arms race between insect and plant kingdoms, 
originally proposed by Ernst Stahl [1] and then propagated by Ehrlich and Raven [169], 
has been referred to repeatedly over the last 30 years.[170-174] The study of plant-
insect co-evolution has focused primarily on the biochemical adaptations of insects to 
plants‟ secondary metabolites.[174, 175] Herbivore adaptations to plant defenses can, 
however, expand to include mechanical adaptations [176], behavioral adaptations [177, 
178], use of microbial symbionts [179] or host manipulation.[178] In order to realize a 
variety of these strategies I would like to bring up several examples. 
One of the most economical solutions used by herbivores is simply to avoid 
ingesting dangerous compounds with special feeding strategies, as in the case of red 
milkweed beetles (Tetraopes tetrophthalmus), which feed on the leaves of the 
common milkweed (Asclepias syriaca).[178] Since the plant contains significant 
amounts of harmful latex, the larvae starts feeding by cutting through latex ducts, 
which in turn depletes the amount of dangerous leaf exudates. If the ingestion of the 
toxic substance is inevitable, insects also employ various strategies. A relatively 
uncomplicated solution is a neutralizing strategy employed by a privet moth larvae 
(Brahmaea wallichii), a specialist on privet trees (Ligustrum obtusifolium). The insect 
selectively secretes high amounts of free glycine, a neutralizer of the defense 
chemical oleuropein, into its digestive juice.[180] In this case, glycine competes in an 
alkylation reaction with the amino residue in the side chain of lysine and thereby 
inhibits the protein-degenerating activity of oleuropein, a phenolic secoiridoid 
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glycoside. Some insects have learned to use their microbial symbionts to lower the 
defensive mechanism of the host plant, as is the case for several species of bark 
beetles (Ips typographus), which introduce the blue stain fungi (genera: Ceratocystis, 
Ophiostoma) into trees before feeding. The pathogen helps to minimize the defense 
mechanism of the host tree – the Norway spruce (Picea albies).[179] Even more 
exquisite are adaptations that allow insects to sequester toxic substances, store them 
and use them for their own defense. One of the first examples of such an adaptation 
was described for the larvae and adults of monarch butterfly (Danaus plexippus), 
whose Na+/K+ ATPases are insensitive to cardenolides of Asclepia spp.[181] These 
compounds are ingested and stored for the insect‟s defense. Along secondary 
metabolites‟ plants‟ constitutive defenses include proteinase inhibitors, for which 
insects have also evolved corresponding adaptations [182], for example, the larvae of 
the generalist fall armyworm (Spodoptera frugiperda) have an altered 
complementation of proteoloytic enzymes in the midgut, where they express higher 
amounts of trypsine, less susceptible to the action of soybean PIs.[183]  
Indisputably, however, the use of specialized enzymes to detoxify compounds is 
from a biochemical point of view the most interesting way of insects counter 
adaptations to plant-derived deterrent or toxic substances. In this regard 
detoxification enzymes include P450s [184], oxidases (flavin monooxygenases, 
dehydrogenases), hydrolases (carboxyesterases, epoxide hydrolases), group 
transfer enzymes (glutathione S transferases (GSTs), glycosyl transferases, 
sulfotransferases). The largest of these groups of detoxification enzymes are the 
P450s. To date the most thoroughly studied example of their involvement is the 
metabolism of furocoumarins (i.e. xanthotoxin) by the group of a specialist caterpillars 
from the genus Papilio (black swallowtail (Papilio polyxenes)), through the action of 
P450 cytochrome monooxygenase.[185-187] Interestingly, a similar mechanism, based 
on the action of the same enzyme class, has been reported for a generalist insect, 
Helicoverpa zea, which “learned” to feed on Apiaceae and Rutaceae plants 
containing furocoumarins.[188, 189] Another interesting example of specialized 
detoxifying enzymes comes from the larvae of arctiid moth (Tyria jacobaeae), which 
feed exclusively on the pyrrolizidine alkaloid (PA)-containing ragwort (Senecio 
jacobea). Ingested PAs are efficiently N-oxidized in the hemolymph of T. jacobeae by 
senecionine N-oxygenase, a flavin-dependent monooxygenase.[190] In addition, 
specialists on plants with glucosinolate-myrosinase defense systems have developed 
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different detoxification proteins: diamondback moth (Plutella xylostella) larvae 
possess specific glucosinolate sulfatase, which desulfates glucosinolates, producing 
metabolites that no longer act as substrates for myrosinases.[191] In contrast the pierid 
butterfly (Pieris rapae) features nitrile-specifier protein, which promotes the formation 
of nitrile breakdown products; instead of toxic isothiocynates arising from myrosinase 
catalyzed glucosinolate hydrolysis.[192] 
1.2.1. Insect GSTs 
Insects also make use of a special group of multifunctional detoxifying enzymes 
known as glutathione S-transferases (EC 2.5.1.18) (for review see Yu 1996 [193], 
Ranson and Hemingway 2005 [194]). In the insect kingdom their importance is 
associated with resistance to insecticides and allelochemicals [193, 194], as GSTs can 
metabolize insecticides by conjugation with reduced glutathione; this process 
produces water-soluble metabolites that are more readily excreted, as in the case of 
organophosphorous insecticides.[195] In addition to detoxifying insecticides, GSTs are 
used by lepidopteran insects to metabolize various toxic allelochemicals, including 
isothiocyanates [196], organocyanates [197] or a variety of , - unsaturated compounds, 
for instance trans-cinnamaldehyde [198] 2(E)-hexanal, or benzaldehyde.[199] In addition 
to their “regular” function, catalyzing interactions between reduced glutathione (GSH) 
and electrophilic agents, many GSTs have other targets, for example, reduction of 
trinitroglycerin, thiolysis of 4-nitrophenyl acetate, isomerization of maleylacetoacetate 
or 5 3- ketosteroids, as well as converting PGH2 to PGD2.
[200]  
The diverse functions of GSTs are also clearly displayed in their genetic 
characteristics. Insect cytosolic GSTs alone have been assigned to at least six 
different classes: Delta, Epsilon, Omega, Sigma, Theta and Zeta [201, 202]; among 
these, Delta and Epsilon include the majority of GSTs implicated in xenobiotic 
metabolism.[202] Omega, Sigma, Theta and Zeta classes have on the other hand a 
much wider taxonomic distribution and play more likely essential housekeeping 
roles.[201, 203]  
Since insect GSTs metabolize various toxic allelochemicals, they can be 
expected to play an important role in the feeding strategies of lepidopterans. The 
highly polyphagous insects are thought to possess multiple GSTs, which help 
detoxify the diverse toxic allelochemicals found in their host plants. On the other 
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hand, specialist insects, which have a narrow range of host plant species and so 
encounter more specific allelochemicals, are thought to have fewer GSTs.[193]  
1.2.1. Plant “signaling” molecules 
Understanding the development of insects‟ adaptations focused primarly on 
toxic plants‟ secondary metabolites. These are difficult for the insects to avoid if they 
determine a part of a constitutive defense. However, when these defenses are 
activated by external attack - meaning, they are a piece of plant-induced defenses - 
insects which are able to “sense” their presence and thus have time to activate their 
own defense systems would be privileged. The signaling role in plants is carried out 
as previously explained (see 1.1.1) by plant hormones, namely JA (and jasmonates) 
and SA. Since in the course of feeding on plants, insects ingest their hormones, 
these represent good candidates for early cues warning herbivores about 
accumulating plant toxins. In course of evolution, in other words, plant signaling 
molecules could also have evolved into insect signaling molecules. This intriguing 
hypothesis was first proposed by the Berenbaum group in 2002.[204] They observed a 
significant upregulation in transcripts of four cytochrome P450 genes of the corn 
earworm (Helicoverpa zea) in response to feeding on artificial diet implemented with 
either JA or SA. Though there are some weak points in both their experimental setup 
(which relied on high concentrations of JA) and in their subsequent reasoning (only 
the transcripts of four very general P450s were measured), researchers in this study 
asked a very important question about possibility of advanced “eavesdropping” of 
insects on plant defensive system.  
1.3. Goals of this study 
Given the indisputable importance of phytohormones, especially jasmonates, in 
plant responses to stress, it is crucial to be able to monitor changes in their 
accumulation throughout the stimulus events. Several analytical methods have been 
introduced to reliably quantify plant hormones.[75, 205-209] Since in all cases the 
compounds of interest have to be extracted from the plant material, many of these 
methods confront the analytes with harsh extraction conditions such as heat [205, 210] 
or acidic pH.[207] Such treatments can result in unpredictable structural changes, for 
example, isomerizations, which modify the nature of the original compound and 
therefore falsify the extraction results. Moreover, amounts of phytohormones present 
20________________________________________________General Introduction 
in the plant material are often limited to ranges of few ng per gram of fresh weight, 
which puts additional requirements on the extraction procedures.  
In previous work, Dr. Birgit Schulze established a reliable analytical method for 
analysis and quantification of the significant phytohormones in plant material.[211] This 
approach is based on in situ derivatization of the analytes with O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA), which readily reacts with 
carbonyl groups of the jasmonates to form stable imines. This modification secures 
the stereochemical identity of the original analyte throughout later extraction 
procedure. Moreover, the PFB moiety, due to its high electronegativity, allows the 
“negative chemical ionization” (NCI) modus to be used in the subsequent mass 
spectrometry analysis, which in turn greatly enhances the sensitivity of the method. A 
further purification step implements aminopropyl cartridges; these selectively bind the 
carboxyl functions of the jasmonates, which enriches the sample and purifies it from 
the irrelevant substances such as chlorophyll. 
The development of a reliable analytical method allowed more detailed studies 
of jasmonates to be made. These studies include:  
(1) Determination of jasmonates signaling regulation in different plant families 
and species in response to various stress stimuli, i.e.: characterization of 
time-dependent accumulation patterns. Interesting is also comparison of 
jasmonate‟s accumulation in response to continuous mechanical wounding 
(implemented with a recently developed mechanical caterpillar, MecWorm) 
and in response to herbivore feeding – a study which could help separate 
the impact of simple wounding event from the impact of additional 
herbivore elicitors such as FACs, thus clarifying the plant‟s signaling 
network. 
(2) Identification of the potential involvement of jasmonates in plant-insect 
interactions, following the idea proposed by Li et al.[204] Analysis of the 
profile of the plant-derived phytohormones in the insect gut could help 
asses their putative role and mode of action in the insects‟ “eavesdropping” 
on plant defensive system. Moreover, considering the structural similarities 
between jasmonates and prostaglandins, an investigation of the fate of 
plant octadecanoids in the herbivore gut could shed a light on their 
possible interference with eicosanoid related receptors in insects.  
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produced by a specialist insect – 
diamond back moth (Plutella 
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different modes of wounding were 
found relating to gene expression and 
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These results embrace the work on the 
identification of an enzyme responsible 
for the isomerization of 12-
oxophytodienoic acid – a phenomenon 
described in Article III. A hypothesis on 
the involvement of Glutathione S-
transferases in this transformation 
process is tested and confirmed by 
proving the OPDA isomerization 
activity of purified GST fractions from 
the gut of two insect species: 
Spodoptera littoralis and Helicoverpa 
armigera. Further identification of the 
specific OPDA isomerase is based on 
heterologous expression of 16 putative 
GST proteins from Helicoverpa 
armigera in E. coli and subsequent 
incubation of the expressed proteins 
with 12-oxophytodienoic acid. 
Bioassays suggest the presence of a 
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This manuscript describes a study on 
JA-mediated volatile emission (i.e. -
ocimene and 3(Z)-hexenyl acetate) 
from leaves of lima bean (Phaseolus 
lunatus) continuously damaged with 
the mechanical caterpillar - Mec Worm. 
Qualitative and quantitative differences 
between nocturnal and diurnal volatile 
emission were compared and 
correlated with the differences in JA 
accumulation and expression of the 
PlOS gene (P. lunatus -ocimene 
synthase). Quite surprisingly, nocturnal 
damage caused significantly higher 
levels of JA along with enhanced 
expression of the PlOS gene. Results 
from this study clearly show that the 
expression of the “volatile-producing” 
PlOS gene is controlled by damage-
dependent JA levels. 
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responsible for plant material 
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levels and evaluation of the 
results. I wrote the part of the 
experimental section concerning 




















Functional Identification and Differential Expression of 1-Deoxy-D-Xylulose 5-
Phosphate Synthase and Other MEP Pathway Genes in Induced Terpenoid 
Resin Formation of Norway spruce (Picea abies) 
 
M. Phillips, M.H. Walter, S. Ralph, P. Dąbrowska, K. Luck; E.M. Urós, W. Boland,  
D. Strack, M. Rodríguez-Concepción, J. Bohlmann, J. Gershenzon  
 
Plant Molecular Biology (2007) 65, 243-257 
 
This manuscript presents a detailed 
study of the 1-deoxy-D-xylulose 5-
phopsphate synthase (DXS), an 
enzyme, which catalyzes the first step 
of the biosynthetic pathway leading to 
terpenoids and terpenoid-based oleo-
resins; these are one of constitutive 
and inducible defenses against 
herbivores in conifers. The main part of 
this work was conducted with Norway 
spruce (Picea albies) cell cultures, 
which were treated with different 
elicitors (i.e.: chitosan). The up-
regulation of synthase gene 
transcripts, the extent of enzyme 
activity and the accumulation of 
induced jasmonates (JA and OPDA) 
were then observed and measured.  
In this cooperative project I was 
responsible for extraction and 
quantification of JA and OPDA in cell 
culture samples. I wrote the part of the 
experimental section as well as the 
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Rapid Enzymatic Isomerization of 12-Oxophytodienoic Acid in the Gut of 
Lepidopteran larvae 
 
Birgit Schulze, Paulina Dąbrowska, Wilhelm Boland 
 
ChemBioChem (2007) 8, 208-216 
 
This manuscript is a detailed study on 
the fate of plant-derived oxylipins in 
the gut of a feeding herbivore. The 
pattern of oxylipins produced in the 
leaves of the lima bean (Phaseolus 
lunatus) plants in response to feeding 
by Egyptian cotton leaf worm 
(Spodoptera littoralis) was compared 
with the pattern of these compounds 
ingested and excreted by the insect. 
Surprisingly, unlike the majority of 
oxylipins, 12-oxophytodienoic acid 
(OPDA) – the immediate precursor of 
important plant hormone – jasmonic 
acid was not detectable in the insect‟s 
gut. Instead, the structurally related 
double bond isomer tetrahydrodicra-
nenone B (iso-OPDA) was identified. 
Experiments such as feeding studies 
with deuterium labeled OPDA proved 
that the observed OPDA isomerization 
is catalyzed by an unknown gut 
enzyme. 
 
The manuscript was based on the 
previous work from Dr. Birgit Schulze, 
who measured spatial distribution of 
oxylipins in the herbivore damaged 
leaves and performed initial analysis 
of oxylipins in the insect frass and 
regurgitate, which led to the finding of 
iso-OPDA. I was responsible for the 
synthesis of Tetrahydrodicranenone B 
for structure confirmation, for the in 
vitro assays of OPDA isomerization, 
for the feeding experiments and 
analysis of the results. The synthesis 
of deuterium labeled OPDA used for 
feeding experiments was performed 
by me and Dr. Schulze. The first draft 
of the manuscript was written by Dr. 
Birgit Schulze and later refined by 
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This manuscript presents a hypothesis 
concerning a novel biosynthetic 
pathway leading to an important plant 
volatile compound, cis-jasmone. The 
proposal is based on an experimental 
observation, in which the admini-
stration of aqueous emulsions of 
Tetrahydrodicranenone B (iso-OPDA) 
to plantlets of several plant species 
resulted in the emission of cis-
jasmone. A similar result was obtained 
with a yeast culture (Saccharomyces 
cerevisiae). Accordingly, the transfor-
mation of iso-OPDA to cis-jasmone is 
relatively general and requires only a 
functional peroxisomal β-oxidation 
system. The novel pathway implies 
that the jasmonic acid pathway 
branches, using the putative plant 
isomerase (parallel to insect‟s) 
converting 12-oxophytodienoic acid to 
iso-OPDA, which is further degraded 
by β-oxidation and subsequently 
decarboxylated to give cis-jasmone. 
 
I discovered the transformation of iso-
OPDA to cis-jasmone in plant tissues 
and performed all the initial 
experiments. The first draft of the 
manuscript was written by me and then 
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Plants as immobile organisms are challenged by a multitude of pathogens and 
insect herbivores and thus need to recognize the attacker to “organize” an 
appropriate defence response. To separate physical and chemical signals originating 
from insects during herbivory, a mechanical device (MecWorm) was developed, 
which is programmable to replicate very closely the pattern, time course, and quantity 
of damage caused by different insects. With help of this device we were able to 
discover that the impact of continuous mechanical damage on the plant defence 
response has been largely underestimated, necessitating a very cautious rating of 
the different individual stimuli emanating from insects during herbivory.  
Moreover, we could show that larvae of the crucifer specialist, Plutella xylostella 
(Diamondback Moth, Lepidoptera: Plutellidae) when feeding on Arabidopsis thaliana, 
suppresses the production of Jasmonic acid (JA) and its precursor 12-
oxophytodienoic acid (OPDA), the major phytohormone orchestrating a plethora of 
defence responses in plants. Our results demonstrate that Plutella xylostella can 
strongly interfere with plants defence responses both at the transcriptional and the 
phytohormone level. These findings shed light on evolution of plant-insect 
interactions and suggest highly sophisticated and complex co-evolutionary 
interactions.  
Results 
Global Expression analysis in MecWorm-wounded versus P. xylostella 
attacked leaves. To assess the relative contribution of insect-mimicking wounding 
on induced transcript changes, we compared transcript profiles from A. thaliana 
leaves damaged by P. xylostella larvae (a worldwide pest on cruciferous plants), and 
by MecWorm versus undamaged control plants (Fig.1). All plants were 4.5 weeks old 
at the time of the experiments and were raised under the same environmental 
conditions. Experiments were conducted for 1, 3, and 9 hours, each with 3 biological 
replicates and randomized between the treatments. Transcript profiles were recorded 
with Arabidopsis whole-genome arrays from Agilent (Fig.4A, Tab.1 in Supplementary 
material 15.1.). We observed a massive impact of both the MecWorm treatment and 
P. xylostella herbivory on the plant transcriptome. After 9 h for example a change in 
transcript levels of > 5500 genes compared to control plants was detected. Among 
these, about 70% constituted the same genes identically regulated by MecWorm and 
P. xylostella (Fig.2). Most importantly, continuous MecWorm damage reproduced 
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transcriptional changes for many previously herbivory-assigned genes in a 
quantitative, time-dependent, and fully repeatable manner (Fig.4A, Tab.1 in 
Supplementary material 15.1.). For selected genes (Fig.4 below) covering a wide 
range of basal expression levels in control plants, we confirmed transcript patterns 
with quantitative RealTime PCR in two further, independent biological replicates 
(Fig.4B, Tab.1 in Supplementary material 15.1.). These genes included LOX2, 
VSP2, TRP1, two transcription factor genes, a jasmonate-linked AP2-like gene, and 
the coronatine-linked CORI3 (Fig.4B). Hence, in contrast to previously published 
results [212] these genes are clearly responding to the mechanical impact of the 
mimicked feeding process and not necessarily to insect-derived chemical cues.  
 
Figure 1. Comparison of the damage inflicted by MecWorm device (A, B) and P.xylostella larvae (C, 
D) on 4.5 week old A. thaliana leaves for 1, 3 and 9 hours. 
Transcript levels of other genes, however, differed strikingly between MecWorm and 
P. xylostella damage (Fig.2), demonstrating that insect-derived chemical cues do 
play a role in eliciting changes in the plant‟s transcriptome during insect herbivory. 
For example, transcript levels from stress-related heat-shock response genes were 
strongly induced by MecWorm damage but remained nearly unchanged during P. 
xylostella herbivory (Tab.1 in Supplementary material 15.1.), indicating that insect -  
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Figure 2. Comparison of the global changes in the transcripts of A. thaliana after 9h damage by P. 
xylostella and by MecWorm in locally wounded leaves. Red numbers indicate upregulated genes, 
green downregulated. From around 5700 differentially regulated genes, c.a. 30% is specifically 




Figure 3. Comparison of the global changes in the transcripts of A. thaliana after 9h damage by P. 
xylostella and by MecWorm in distal leaves. Red numbers indicate upregulated genes, green 
downregulated. P. xylostella feeding differentially regulated significantly higher amounts of genes than 
MecWorm treatment. 
 
- derived chemical factors repressed damage-induced heat-shock gene expression. 
Even more striking discrepancies were observed in distal responses, in case of which 
P. xylostella feeding caused a change in transcripts of significantly higher amounts of 
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genes than MecWorm treatment (around 1.5 times more). Moreover, predominant 
number of these genes (70%) was specifically regulated (Fig.3).  
 
 
Figure 4. P. xylostella versus MecWorm: A) Relative transcript quantities for selected genes (below) in 
untreated controls, after 3 h of P. xylostella herbivory or 3 h of MecWorm damage, determined in 
microarray hybridization experiments; B) Relative transcript quantities measured with RT-PCR. Log-
transformed data for A) and B) were taken from Table 1 in Supplementary material 15.1. 
 
Phytohormone content analysis in locally treated Arabidopsis thaliana leaves. 
To investigate the dynamics of JA, OPDA, and SA production in differentially treated 
A. thaliana leaves and to compare the amounts with the changes in the correlated 
gene transcripts, we monitored the production of these phytohormones after 
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MecWorm treatment and feeding of P. xylostella. Time points (1, 3, 9 h) for 
harvesting plant tissue were identical with the ones used for the array experiments. 
For each experiment locally wounded leaves and untreated control were harvested 
and shock frozen with liquid nitrogen.  
MecWorm treatment induced a clear and strong increase in the production of JA 
(Fig.5A). Already 1 h of wounding time resulted in significant increase of the level of 
the phytohormone in local leaves when compared to non-treated controls. Longer 
wounding time corresponding to larger damaged area, namely 3 and 9 h treatment, 
consequently revealed stronger increase of JA amounts. In comparison, only 9 h of 
P. xylostella feeding produced significantly higher JA amounts compared with control 
levels. Moreover, the magnitude of JA production was overall much higher in 
response to MecWorm treatment. Thanks to the analytical method used for JA 
analysis, we were also able to determine the percentage of cis-JA (Fig.5B), which is 
the de novo synthesized epimer of JA in the LOX pathway. While the share of cis-JA 
after MecWorm treatment was elevated to around 35-40%, in case of P. xylostella 
feeding the quota of the more active isomer stayed in the low range, which is 
comparable with the thermodynamical equilibrium between both JA epimers [75].  
For OPDA, the biosynthetic precursor of JA, we observed a very similar pattern 
(Fig.5C). Increased OPDA amounts after MecWorm treatment were found after 3 h 
onward, whereas phytohormone levels after P. xylostella feeding were only slightly 
elevated after 9 h. Additionally, the absolute amounts of OPDA which accumulated 
after caterpillar feeding were substantially lower than those found after MecWorm 
wounding.  
These initial results suggest a striking discrepancy between MecWorm treatment and 
herbivore feeding. However, to evaluate the possibility that caterpillars produced 
lower and not always reproducible damage on the leaf when compared to the 
computer controlled MecWorm system, we additionally investigated JA (Fig.6A) and 
OPDA (Fig.6B) amounts in leaves that have been wounded with MecWorm for 9 h 
but with lower “wounding frequency”. This treatment, based on extending the delay 
time between single needle punches, produced within the 9 h treatment three 
differently damaged areas: 1 (corresponding to 26 sec delay between needle 
punches and equal to 9 h initial experiment treatment), 0.5 (corresponding to 52 sec 
delay) and 0.25 (corresponding to 104 sec delay). In case of 0.5 damage amounts of 
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Figure 5. Signal signature upon MecWorm treatment and P. xylostella feeding. A) JA levels in local 
leaves of A. thaliana at different time points; B) Percentages of cis-JA in local leaves of A. thaliana at 
different time points. Values exhibit the share of cis epimer in total amount of JA; C) Levels of OPDA in 
local leaves of A. thaliana at different time points; D) Levels of SA in local leaves of A. thaliana at 
different time points. In all cases values presented are means (± standard deviation SD) of five 
repeats.  
 
both JA and OPDA were still significantly higher than corresponding levels of these 
phytohormones after 9 h P. xylostella feeding. On the basis of this set of experiments 
we were able to calculate a linear correlation between wounded leaf area and 
corresponding amounts of accumulated JA and OPDA (Fig.7). The correlation found 
for JA is far more accurate (R2 = 0.5065) than the one for OPDA (R2 = 0.345). 
Furthermore, neither MecWorm nor P. xylostella induced a significant increase in SA 
accumulation (Fig.5D).  
Materials and Methods 
Plant and Insect Materials and Growth Conditions. A. thaliana seeds (ecotype 
Columbia) were obtained from the Nottingham Arabidopsis Stock Center. Seeds 
were sown on a Mini-Tray: vermiculite (3:1) soil mix (Einheitserdenwerk, 
Fröndenberg, Germany) and cold stratified for 7 days at 4 °C. Afterwards, plants  
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Figure 6. Comparison of signal signature between initial MecWorm treatment and P. xylostella feeding 
(Fig.5) with modified MecWorm treatment for 9 h: A) Comparison of JA levels; B) Comparison of 
OPDA levels. In all cases values presented are means (± standard deviation SD) of five repeats.  
 
 
Figure 7. Linear correlation between wounded leaf area and corresponding levels of: A) JA; B) OPDA, 
where 1 is considered damage produced with initial MecWorm treatment for 9 h. 
 
were placed in ventilated growth rooms with constant air flow and 40 % humidity at 
23 °C. Plants were grown at a distance of 30 cm from fluorescent light banks with 
four bulbs of cool white and four bulbs of wide spectrum lights at a 14 h light/10 h 
dark photoperiod. Grow domes were removed after 5 days under lights and plants 
were fertilized once with 1 ml of Scotts Peters Professional Peat Lite Special 
20N:10P:20K with trace elements and 1 liter water per flat, added to the bottom of 
the tray. Approximately 6 days after germination, plants were transferred toindividual 
pots (7.5 x 7.5 cm²) and were grown for 22 days under strict light, temperature and 
humidity control. 
Eggs of the Diamondback moth (Plutella xylostella) (G-88 strain) were originally 
obtained from the New York State Agricultural Experimental Station (Geneva, NY), 
and a colony was maintained at the MPI in Jena. Larvae were reared on a wheat 
germ based artificial diet according to published procedures [213] at 27 °C and 16 h 
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light/8 h dark cycles. Herbivory screens were performed with fourth-instar P. 
xylostella larvae.  
Plant treatment. All induction experiments were performed 4 weeks post 
germination. All plants were at a vegetative growth stage and pre-bolting. For each 
experiment, control plants were included and subjected to the same environmental 
conditions (except for the respective experimental trigger) as treated plants. Insect 
herbivory screens were carried out with two larvae per rosette leaf. Mechanical 
wounding was performed with MecWorm.[214] Rosette leaves were damaged 
continuously during experiments, inflicting damage on a leaf area comparable to 
insect herbivory at the various time points. Details are stated in the particular 
experiments. Leaf material was immediately frozen in liquid nitrogen and stored at -
80 °C. Experiments were conducted for 1, 3, and 9 hours, each with three biological 
replicates and randomized between the treatments.  
Microarray Preparation. Leaf material was ground to a fine powder in liquid N2, and 
total RNA was isolated using the TRIzol Reagent (Invitrogen, Carlsbad, CA) 
according to the manufacturers´ protocol. An additional DNAse (Turbo DNAse, 
Ambion) treatment was included prior to the second purification step to eliminate any 
contaminating DNA. A second purification step was performed with RNeasy columns 
(Qiagen, Hilden, Germany) to eliminate contaminating polysaccharides, proteins and 
the DNAse enzyme. RNA integrity was verified on an Agilent 2100 Bioanalyzer using 
the RNA Nano chips (Agilent Technologies, Palo Alto, CA). RNA quantity was 
determined photospectrometrically.  
Total RNA was amplified using the Agilent low input linear amplification kit according 
to the process outlined by the manufacturer (Agilent Technologies). 1-5 µg of 
amplified target cRNA was labeled with either cy5 or cy3 using the Micromax kit 
(Perkin Elmer, Boston, MA). The labeled material was passed through zymo RNA 
Clean-up Kit-5 columns (Zymo Research Corporation, CA) to remove any un-
incorporated label and eluted in 15-20 µl of RNAse-free water (Ambion, Austin, TX). 
Concentration of labeled cRNA and label incorporation was determined by 
Nanodrop-1000 spectrophotometer analysis. All of the labeling and post labeling 
procedures were conducted in ozone-free enclosure to ensure the integrity of the 
label. Labeled material was setup for fragmentation reaction, hybridized overnight in 
the rotating oven at 60° C in an ozone-free room, followed by washing steps. All 
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conditions were according to the Agilent protocol. Arrays were scanned using the 
Agilent scanner. Agilents feature extraction software (Version 7.5) was used for 
extracting array data. Further analysis was done using Rosetta Luminator and 
GeneSifter software. 
Analysis of JA, OPDA, and SA in locally treated Arabidopsis thaliana leaves. 
After completion of single experiments, plant material was weighed and shock frozen 
with liquid nitrogen and samples were kept at -80˚C until used. Jasmonic acid (JA), 
12-Oxophytodienoic acid (OPDA), and Salicylic acid (SA) were analyzed in plant 
material according to modified protocols from Schulze et al.[211] Briefly, frozen plant 
material was mixed with a methanol/BHT (2,6-di-tert-butyl-4-methylphenol, Sigma-
Aldrich, Taufkirchen, Germany) solution (2.5 ml, 0.05% BHT), followed by addition of 
derivatization agent - PFBHA (Pentafluorobenzylhydroxylamine, 2 ml, 0.05 M in 
methanol, Sigma-Aldrich). For quantification: 9,10-[2H2]-dihydrojasmonic acid (250 
ng), [2H2]-dihydrodicranenone B (250 ng) and [3,4,5,6-
2H4]-salicylic acid (500 ng) 
were added as internal standards. Next the mixture, cooled on ice and kept under 
argon atmosphere, was homogenized for 5 min with a high performance dispenser at 
24,000 rpm (Ultra-Turrax T-25, IKA-Werk, Germany). For completing the 
derivatization, samples were shaken for 2 h at RT. Samples were then transferred to 
50 ml centrifuge glass tubes and acidified with 0.1 M HCl (pH~3). The 
methanol/water phase was quantitatively extracted with hexane (3 x 5 ml) and 
dichloromethane (3 x 5 ml). The combined layers were subsequently passed through 
preconditioned (methanol, 5 ml; hexane, 5 ml/methanol, 5 ml; dichloromethane, 5 ml) 
Chromabond aminopropyl cartridges (0.5 g for hexane layers, 1 g for 
dichloromethane layers, Macherey-Nagel, Düren, Germany). Cartridges were 
washed with: i-propanol:dichloromethane (5 ml, 2:1, v:v) for hexane phases and 
dichloromethane (5 ml) for dichloromethane phases and in both cases eluted with 
diethyl ether:formic acid (10 ml, 98:2, v:v). The solvent was removed under a gentle 
stream of argon. The residue from the hexane phases was treated with the ethereal 
solution of diazomethane and after removal of diazomethane, was re-dissolved in 30 
µl of dichloromethane. The residue from dichloromethane phases was treated with 50 
µl of MTBSTFA (N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide, Macherey-
Nagel) for 1 h at 100oC. 
The hexane phases samples were analyzed on a Finnigan GCQ Instrument 
(Thermoelectron, Bremen, Germany) running in a CI negative ion mode (NCI), as 
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described in Schulze et al.[211] The dichloromethane phase samples were analyzed 
on a Finnigan Trace MS in SIM mode. 
For quantification characteristic fragment ions of the PFB-oximes of JA and OPDA 
were used: m/z 399 for JA and m/z 403 for 9,10-[2H2]-dihydrojasmonic acid, m/z 481 
for OPDA and m/z 483 for [2H2]-dihydrodicraneone B, m/z 309 for SA and m/z 313 for 
[3,4,5,6-2H4]-salicylic acid. Amounts were calculated in respect to weight of collected 
fresh material. 
For calibration, known amounts of JA, OPDA, and SA were added to the plant 
material (0.225 g) and the extraction procedure was performed. Calibration curves 
were obtained by plotting the peak area ratio compound/standard against added 
amount of the compound. 
 
38___________________________________________Unpublished results Part II 
4. Unpublished results Part II 
 
The phytohormone precursor OPDA is isomerized in the insect gut by a 
single, specific Glutathione S-transferase 
 
























Unpublished results Part II__________________________________________39 
Oxylipins play important roles in stress signalling in plants. 12-oxophytodienoic 
acid (OPDA) is a biosynthetic precursor of jasmonic acid (JA), a key phytohormone in 
the induction of plant anti-herbivory defences. OPDA itself may modulate the effects 
of JA. When consumed by Lepidopteran larvae, plant-derived OPDA undergoes 
isomerization to iso-OPDA in the midgut (see Article III). We previously reported that 
in contrast to OPDA epimerization, this isomerization is enzyme-dependent, and here 
we investigate the role of glutathione transferases (GSTs) in the process. Purified 
GST fractions from the gut of Egyptian cotton leafworm (Spodoptera littoralis) and 
cotton bollworm (Helicoverpa armigera) both exhibited strong OPDA isomerization 
activity, accompanied by transient appearance of a glutathione-OPDA conjugate. 
Only one of 16 cytosolic GST proteins from the larval gut of cotton bollworm, GST-16, 
catalyzed OPDA isomerization when expressed in E.coli. The , -unsaturated keto 
structure of OPDA, a reactive electrophile species, represents a suitable target for 
nucleophilic reagents in Michael addition of the abundant nucleophile glutathione 
(GSH). Addition and subsequent elimination of GSH leading to double-bond 
isomerization occurs in mammalian steroid biosynthesis and aromatic amino acid 
catabolism. A similar isomerization is seen in the conversion of the structurally similar 
prostaglandin A1 to prostaglandin B1, although GSTs have not been implicated in this 
process. GST-16 could have a specific function in transforming an endogenous 
prostaglandin. Alternatively, if plant-produced OPDA interferes with prostaglandin 
signaling pathways of its insect herbivores, GST-16 could be playing an unusual 
detoxicative role. 
Results  
Glutathione stimulates isomerization. A crude homogenate of larval midgut tissue 
of S. littoralis possesses the ability to isomerize cis-OPDA to iso-OPDA.[215] Addition 
of reduced glutathione clearly enhances the rate of isomerization (Fig.1A,B). Control 
experiments in the absence of midgut homogenate, in which we incubated cis-OPDA 
with excess of GSH in different pH buffers (cis-OPDA/ GSH 1:10-20, pH 7, 9, 10.5), 
did not show OPDA isomerization (Fig.1C) and thus excluded the possibility that 
GSH alone could be responsible for isomerization. An excess of GSH prompted only 
epimerization of cis-OPDA to trans-OPDA, which is also seen following treatment of 
cis-OPDA with bovine serum albumin.[215]  
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Figure 1. Incubation assays of cis-OPDA with: A) crude midgut homogenate from S. littoralis; B) 
crude midgut homogenate with addition of reduced glutathione, C) excess of glutathione in pH 10.5. 
Identification of compounds: a: cis-OPDA, b: iso-OPDA, c: trans-OPDA represented by the syn and 
anti isomers of their PFB oximes. Reference mass spectrum of PFB oximes of cis-OPDA and iso-
OPDA. 
 
Semipurified glutathione transferases catalyze OPDA isomerization. GST 
enzymes were enriched from crude midgut homogenate from S. littoralis using 
glutathione affinity columns. The molecular mass of purified GST fraction was 
estimated to be ~27 kDa by SDS page (Fig.2A), which is in agreement with literature 
data.[216] MALDI-TOF analysis of the elute fraction confirmed GST identity with the 
GST from Spodoptera littoralis (mW 26219 Da, pI 6.1278). In initial purification trials 
we used relatively low amounts of midgut homogenate powder (~15-20 mg). For 
subsequent activity assays we employed fractions resulting directly from the cartridge 
preparations. 2 h incubations of cis-OPDA with elute and flow through fractions 
revealed formation of iso-OPDA only in the assays with elute fractions (Fig.3A,B). 
Similar results were obtained from semi-purified GSTs from cotton bollworm (H. 
armigera). The molecular mass of the purified GST fraction was in this case 
estimated to be ~25 kDa by SDS page (Fig.2B), with MALDI-TOF analysis 
confirming the GST identity. The OPDA isomerization activity occurred exclusively in 
the elute fraction, containing the mixture of GST proteins (Fig.3C,D).  
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Figure 2. SDS Pages of purification of GST 
fraction on GST Bind™ Fractogel Cartridges 
from: A) S. littoralis, line assignment: 1 – 
wash fraction, 2,3 – flow through fraction, 4 – 
elute fraction, M1 - Rainbow marker 
(Amersham); B) H. armigera, line 
assignment: M2 - Precision Plus Protein 
Unstained Standard (BioRad), 1 – elute 
fraction, 2 – flow through fraction. 
 
Figure 3. Incubation assays of cis-OPDA 
with: A) elute fraction and B) flow through 
fraction from the purification of the gut 
homogenate powder from S. littoralis on 
GST affinity cartridges; C) elute fraction and 
D) flow through fraction from the purification 
of the gut homogenate powder from H. 
armigera on GST affinity cartridges. 
 
 
Having an active GST fraction enabled us also to perform kinetic observations, in 
which we measured decrease in UV absorbance of OPDA maximum over time, 
indicating the shift of the double bond position (Fig.4). The transformation seems to 
be most rapid in the first 20 min (50% conversion), after which the absorbance 




Figure 4. Change in UV absorbance of OPDA 
maximum (at  = 230nm in phosphate buffer) 








To investigate some specific GSTs for their ability to isomerize OPDA, we incubated 
cis-OPDA with commercially available GST from equine liver, and with GST-X01 from 
H. armigera expressed in E. coli (generous gift from Dr. Choon Wei Wee) at pH 7 and 
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with differing ratios of GSH. None of these enzymes produced any traces of iso-
OPDA. Also albumin did not catalyze formation of iso-OPDA.  
In order to further characterize the observed OPDA isomerase activity [194, 200], we 
separated cytosolic and microsomal protein fractions from the pooled guts of H. 
armigera (see Supplementary material 15.2. for details). Most activity was observed 
in the cytosolic fraction, which was then further purified on the GST affinity cartridges. 
As expected cis-OPDA was fully isomerized only in the assay with elute fraction, 
containing the GSTs.  
Glutathione-OPDA conjugation accompanies OPDA isomerization. In order to 
obtain reference material for analysis we synthesized the glutathione-OPDA adduct, 
starting with cis-OPDA according to the general protocol of Blackburn et al.[217] 
Although HPLC separation resulted in only a single peak with the mass spectrum 
corresponding to the expected GS-OPDA adduct (see Supplementary material 15.2., 
Fig.1.) [85, 86], NMR data clearly showed a mixture of at least two different GS-OPDA 
diastereomers (see Supplementary material 15.2., Fig.2., 3., 4., Tab.1). This material 
sufficed however for our feeding experiments and as a reference for analysis. We 
monitored GS-OPDA conjugate formation and iso-OPDA appearance in insect 
samples and semi-purified GST fractions. Since the simultaneous HPLC-MS analysis 
of the oxylipins and the GS-oxylipin conjugates was unreliable due to relatively 
different polarity of these two compound classes, we split each sample and analyzed 
one aliquot with HPLC-MS and the other on GC-MS following the usual derivatization 
with PFBHA. Incubation of cis-OPDA with GSH and purified GST fraction from H. 
armigera in pH 7 resulted in very rapid formation of the conjugate (Fig.5). 
Surprisingly, analysis of the insect frass and gut content (from the cis-OPDA feeding 
experiments) did not reveal substantial amounts of the glutathione-OPDA conjugate, 
but as before relatively high amounts of iso-OPDA (Fig.6). This suggests that the 
conjugate, once formed, is cleaved in vivo to yield the isomer. To more directly 
examine the role of the conjugate, we incubated the synthesized glutathione-OPDA 
with the semipurified GST fraction from H. armigera. This did result in the production 
of iso-OPDA but at a lower amount than in the original assays (~13%, Fig.7). This is 
likely due to the formation of a significant amount of trans-OPDA during the chemical 
synthesis of the conjugate, which cannot be converted to iso-OPDA. Likewise other 
diastereomers of the conjugate could have been formed during our chemical 
synthesis, which are thermodynamically favored but not permissive of the 
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enzymatically controlled process of conjugation and release that promotes 
isomerization.  
 
Figure 5. Cytosolic GST fraction assays with cis-OPDA (a), showing: HPLC-MS runs (A), B), C)) from 
water aliquot of mixture and parallel GC-MS chromatograms (D), E)) from derivatized aliquot; A) 
formation of OPDA-GSH conjugate (d) after 20 min of incubation; B),D) indication of formation of iso-
OPDA (b) after 20 min of incubation; C),E) increased amounts of iso-OPDA (b) after 60 min of 
incubation. 100% conversion was not observed while the amount of protein fraction added was lower 
than in original assays.  
 
A single GST from H. armigera catalyzes OPDA isomerization. To visualize the 
different GST proteins present in the cytosolic fraction we separated the semipurified 
GSTs on 2D SDS PAGE (see Supplementary material 15.2. for details). As a result 
we obtained roughly 12 separate protein spots (Fig.8): 1 in pİ range of 3 (spot 1), 1 in 
a pİ range of 10-11 (spot 12), and around 10 in a pİ range between pİ 5 and pİ 8 
(spots 2-11). As posttranslational modification of GSTs is considered very rare [200] 
we expected that 12 separate spots would correlate with 12 different GST proteins. 
MALDI TOF analysis gave good hits for most of the spots.  
To identify potential candidate genes for these proteins, we screened our in-house 
Helicoverpa armigera cDNA libraries for GST sequences based on both keyword 
(GST) and BLAST searches with available insect GST sequences. 
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Figure 6. micro-HPLC chromatogram of the water/acetonitrile extract from the insect frass after 
feeding on cis-OPDA enriched diet: A) trace of m/z 291 reveals a significant peak of iso-OPDA, B) 





Figure 7. Cytosolic GST fraction assays with: A) cis-OPDA (a), showing full conversion to iso-OPDA 




Figure 8. 2D SDS Page of the purified GST cytosolic fraction from H. armigera. Spots picked for 
MALDI TOF analysis are numbered. M1 - Rainbow marker (Amersham).  
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The six GST family classes identified in other insect species are all represented in 
our libraries and the majority of the GSTs belong to the insect-specific Delta and 
Epsilon classes. As the conjugating activity was identified in gut tissue, we 
additionally searched tissue-specific libraries for GST genes expressed and removed 
those that were present only in tissues other than H. armigera midguts. Out of the 
total 40 GSTs, 18 were identified to be expressed in midgut tissue. As we had 
identified the conjugating activity in the cytosolic fraction, we omitted two microsomal 
midgut GSTs from further expression analysis. In total 16 cytosolic glutathione S-
transferase (GST) gene sequences were cloned and expressed in E. coli (for primers 
used for cloning GST 16 see Supplementary material 15.2., Tab.2.) (Fig.9). OPDA 
isomerization activity assays were performed with lysed E. coli cells mixtures in 
phosphate buffer (pH 7) with an excess of reduced GSH. Samples from all assays 
were measured on GC-MS after the usual derivatization. From 16 expressed proteins 
there were 4 GST proteins which showed epimerization activity (transformation of cis-
OPDA to trans-OPDA), namely: GST 1, 5, 6, 17 (Fig.10) but only a single one (GST 
16, Accession Number: FJ546089) showed OPDA isomerization activity. The 
remaining 11 GSTs did not modify the substrate. Unfortunately further purification of 
GST-16 (on GST affinity columns) resulted in unexpected loss of isomerization 
activity, therefore impeding more detailed biochemical characterization of the putative 
OPDA isomerase.  
 
Figure 9. Expression of 16 expressed GST proteins: A) 1D SDS PAGE of crude E. coli lysates; B) 
Western Blot. 
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Figure 10. Activity assays with crude E. coli lysates of expressed GST proteins for cis-OPDA (a) 
isomerization. iso-OPDA (b) formation only with GST 16. GST 1, 5, 6 and 17 show epimerization 
activity with formation of trans-OPDA (c). 
 
Distribution of OPDA-isomerization-ability in insects. Not all lepidopteran insect 
species possess the ability to isomerize plant derived OPDA, f.i.: the Brassicacae 
specialist Pieris rapae isomerized only around 14% of OPDA in contrast to over 80% 
isomerization rates in Spodoptera species.[215] In order to get a better understanding 
about the scope of OPDA isomerization ability within the insect class we performed 
feeding experiments with several species from different insect families. The results 
are summarized in Tab.1. Where possible we performed feeding experiments with 
OPDA enriched artificial diet (Helicoverpa assulta, Manduca sexta, Plutella xylostella, 
Bombyx mori), but in case of two insect species, for which artificial diet was not 
available (Plagiodera versicolora), or the feeding experiments proved to be difficult 
(Galleria mellonella) we chose either feeding on preferred plant species (willow 
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leaves) or incubation essay with dissected gut tissue. These experiments do not 
provide as exact answers as the OPDA enriched diet feedings, but still provide an 
estimation of OPDA isomerization ability. The remarkable differences in OPDA 
isomerization ability found within the insects (Tab.1) additionally support the 
hypothesis about the functional specificity of one GST protein capable of OPDA 
transformation. As a possible explanation of this differences we could come back to 
already suggested hypothesis [193], that the generalistic, highly polyphagous insects 
like Spodoptera littoralis or Helicoverpa armigera, tend to evolve multiple, 
differentially functionalized GSTs, which may help detoxify the diversity of 
allelochemicals found in their host plants. At the same time specialist insects, 
encountering more specific plant derived metabolites need a less elaborate choice of 
GSTs.[193] 
 
Table 1. OPDA isomerization ability within different insect families and species. 
 
* Feeding experiment with OPDA enriched artificial diet and OPDA incubation with dissected gut 
tissue; ** OPDA incubation with dissected gut tissue; *** Feeding experiment on willow leaves. Frass 
was collected from adult beetles, not larvae. Willow leaves were extracted after mechanical wounding 






Insect species Order Family OPDA iso-OPDA 
Helicoverpa assulta Lepidoptera Noctuidae 20% 80% 
Manduca sexta Lepidoptera Sphingidae 27% 73% 
Bombyx mori* Lepidoptera Bombycidae 100% 0% 
Galleria mellonella** Lepidoptera Pyralidae 100% 0% 
Plutella xylostella Lepidoptera Plutellidae 100% 0% 
Plagiodera 
versicolora*** 
Coleoptera Chrysomelidae 100% 0% 
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Effects of Feeding Spodoptera littoralis on Lima Bean Leaves IV: Diurnal and 
Nocturnal Damage Differentially Initiate Plant Volatile Emission 
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Rapid Enzymatic Isomerization of 12-Oxophytodienoic Acid in the Gut of 
Lepidopteran larvae 
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8. Article IV 
 
iso-OPDA: An Early precursor of cis-Jasmone in plants? 
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9. General Discussion 
The present thesis contributes a set of new and important findings to the field of 
plant oxylipins and to the role of these compounds in plant-insect interactions. Our 
results provide evidence for several different hypotheses: 1) JA and OPDA are 
universal stress signals common among very different plant species (Unpublished 
results Part I, Article I, Article II), 2) continuous mechanical wounding is an important 
component of the JA-mediated wound response (Unpublished results Part I, Article 
I), 3) the specialist insect Plutella xylostella seems to be able to influence/suppress 
the plant‟s oxylipin-signaling network (Unpublished results Part I), 4) generalist 
insects may perceive plant-signaling compounds (Article III, Unpublished results Part 
II), 5) an important volatile signal, cis-jasmone, can be synthesized in plants with help 
of a plant analogue of insect OPDA isomerase (Article IV). 
9.1. Jasmonates – universal stress signals in plant kingdom 
The versatility of jasmonates, which are stress signals in the plant kingdom, has 
been repeatedly confirmed.[63, 218] As this thesis clearly shows, JA is involved in a 
signaling network of very different species throughout the plant kingdom 
(angiosperms: A. thaliana (Brassicaceae), P. lunatus (Fabaceae), gymnosperms: P. 
abies (Pinaceae)). The JA-mediated signaling is elicited not only by herbivore 
damage but also by continuous wounding (Unpublished results Part I, Article I) and 
fungal elicitors such as chitosan (Article II). Along with JA accumulation, elevated 
levels of an immediate precursor of JA - OPDA were found in differently stressed 
plants of various species. The case of Norway spruce is the first report of OPDA‟s 
presence in gymnosperms (Article II).  
JA is also, as mentioned (see 1.1.1), responsible for up-regulating volatiles, in 
particular, terpenoid biosynthesis.[26] Since volatile emission is supposed to be 
periodic [24, 219] we investigated correlations between the emission of separate volatile 
compounds and JA levels in lima bean leaves after damage was inflicted during the 
day and at night (Article I). Using MecWorm, we were able to apply completely 
reproducible damage in both periods, a feature that would have been impossible 
using feeding herbivores. Transcripts of the PlOS gene, which is involved in 
biosynthesis of an important volatile compound, -ocimene, closely followed the 
levels of JA, indicating JA is directly involved in its biosynthesis. Interestingly, 
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however, the resulting emission of -ocimene required the presence of light, so that 
the nocturnal damage was characterized by only low emission rates of this 
compound. Furthermore, quite unexpectedly, analyzed levels of JA were significantly 
higher after nocturnal damage than they were after daytime damage. These results 
suggest that certain JA-modifying/metabolizing steps occur only during the light 
phase. Comprehensive profiling of different JA derivatives and/or other products 
derived from -linolenic acid are needed to further clarify this interesting observation 
(Article I).  
Establishing the presence and levels of JA and OPDA in all mentioned 
experiments was possible thanks to the reliable analytical method [211], which proved 
to be robust for different plant tissues and even cell cultures (Unpublished results 
Part I, Article I, Article II, Article III, Unpublished results Part II). This analytical 
method was expanded to help quantify another important plant hormone, SA 
(Unpublished results Part I).  
9.2. Role of continuous mechanical wounding in elicitating plants’ 
defense responses 
Contrary to many previous studies, which inadequately mimicked the herbivore 
wounding by single or sporadic squeezing damaging events, cutting off leaf material, 
or punching holes into leaves, experiments presented in Unpublished results Part I 
and Article I were conducted with the mechanical caterpillar, MecWorm, which 
produces reproducible, continuous mechanical damage. This device has already 
been proven to elicit effects matching in terms of volatile emission the ones induced 
by a feeding herbivore [214] and thus undermined a general belief that plants‟ 
recognition of feeding insects is based predominantly on chemical cues, such as 
FACs.  
Analysis of differential gene expression in A. thaliana after wounding inflicted by 
MecWorm (Unpublished results Part I) showed clearly, in contrast to results 
published earlier [212], that genes related to jasmonate signaling (such as: LOX2, 
CORl3) were strongly upregulated. This observation agrees with previous studies 
using MecWorm [214] and proves that continuous mechanical damage can by itself 
elicit the JA-mediated defense network.  
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Simultaneous analysis of JA and OPDA (Unpublished results Part I) confirmed 
the results of the transcriptional profiling, showing a strong accumulation in levels of 
both signals over the course of wounding. Interestingly, thanks to the reproducibility 
of the MecWorm treatment, another important observation was possible: there was a 
linear correlation between the amounts of JA and OPDA and the extent of 
mechanical damage. This finding strongly implies that the signal for the biosynthesis 
of jasmonic acid is correlated with the disruption of separate, single cells. 
9.3. The specialist insect Plutella xylostella can influence JA 
signaling in Arabidopsis thaliana 
During co-evolution insects learned to deal with plant defense responses not 
only by fighting off the secondary metabolites but also by manipulating the plant itself 
(see 1.2). Since jasmonates play a primary role in inducing plants‟ defensive arsenal 
(see 1.1.1), the ability to manipulate these signals could be highly advantageous for 
the herbivore. Results of the studies presented in Unpublished results Part I imply 
that a specialist herbivore, the diamondback moth (P. xylostella), is able to 
significantly suppress the biosynthesis of JA. This notion has been previously 
proposed in a study by Vogel et al. (2007).[220] Amounts of JA and OPDA over the 
course of 9 hours of feeding did not rise drastically, as in the case of continuous 
mechanical wounding or feeding of the generalist herbivore – Spodoptera 
littoralis.[221] Furthermore, the percentage of cis-JA, which is the de novo 
biosynthesized epimer of JA, stayed at a relatively low level in the case of P. 
xylostella; the corresponding values for MecWorm wounding were 2 to 3 times 
higher. The observed suppression of JA biosynthesis cannot have resulted either 
from elevated amounts of SA, the reported antagonist of JA pathway [157, 222], or from 
the significantly lower levels of damage inflicted by the caterpillars (Unpublished 
results Part I). It is also puzzling that, according to gene expression analysis, the 
jasmonate-related genes of the feeding diamondback moth were upregulated 
(Unpublished results Part I and Ehlting et al. 2008 [223]), similar to continuous 
mechanical wounding, which resulted in elevated amounts of JA.  
The most obvious explanation for these discrepancies and for the fact that 
transcript levels of 30% of all analyzed genes between MecWorm wounding and P. 
xylostella feeding differed significantly (Unpublished results Part I) seems to be an 
insect-derived chemical cue. Other explanations should not be ignored, however, 
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especially since the impact of the putative chemical would have to occur at 
questionably high levels. The amount of salivary secretion produced by P. xylostella 
larvae does not exceed a few picoliters. Even considering that the putative chemical 
signal accumulates in the course of feeding, extremely high levels would be needed 
to suppress the biosynthesis of JA on an enzyme level. This is why in order to fully 
understand the intricacies of the interaction between the specialist herbivore  P. 
xylostella and its host plant, A. thaliana, more studies are essential, including careful 
analysis of the insect‟s salivary secretions and of the differences in gene expression 
between herbivore feeding and MecWorm wounding using P. xylostella regurgitate.  
With regard to new findings concerning how JA acts (see 1.1.1), particularly the 
findings that stress the importance of JA-Ile in the signal transduction, it is worth 
noting that the analyses presented in this thesis (Unpublished results Part I) did not 
quantify the JA-amino acid conjugates. It is thus also possible that these undefined 
elements play an unknown role in the process. 
9.4. Generalist insects recognize plant-signaling molecules 
Results presented in Article III and Unpublished results Part II support the 
hypothesis proposed initially by Li et al.[204] Using the example of a generalist 
herbivore corn earworm (H. zea), authors of this report have shown an upregulation 
of insect genes encoding for a group of general detoxification enzymes - namely 
P450s - in response to feeding of two major plant hormones, JA and SA. This 
observation lead to the hypothesis that especially polyphagous insects, encountering 
very diverse plant defense compounds, may have evolved an ability to “eavesdrop” 
on plants‟ signaling molecules, which allowed them to gain time to prepare their 
detoxification mechanisms (see 1.2.1). Levels of 12-oxophytodienoic acid in the 
insect gut not only correlates very well with the proposed hypothesis, but provides 
even more convincing evidences supporting it. Mere upregulation of general 
detoxification enzymes could be a universal strategy used by herbivores (authors of 
the mentioned report did not look for a possible change in expression of any other 
general detoxyfication genes). In contrast findings presented in this thesis show that 
generalist insects dispose of a specific enzyme designed to precisely isomerize the 
immediate precursor of the major wound-response-mediating phytohormone 
(Unpublished results Part II).  
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On the other hand, correlating OPDA isomerization with the activity of 
Glutathione S-transferases complies with several reports from both plant and 
prostaglandin studies. Treating A. thaliana with 12-oxophytodienoic acid or 
structurally related phytoprostanes resulted in the upregulation of GST-related genes 
[69], and an accumulation of OPDA-GSH conjugates has been reported in cryptogein-
elicited tobacco [84, 85] and pathogen-infected Arabidopsis plants.[86] A structurally 
related isomerization of the double bond has been observed for prostaglandin A1 and 
A2.
[224, 225] Isomerization activity has been observed in the plasma of several 
mammalian species, but the responsible enzyme, PGA1- -isomerase (EC 5.3.3.9), 
was never isolated and fully characterized.[226-228] It has, however, been proposed 
that the mechanism of the putative enzyme resembles the mode of action of 
ketosteroid isomerases [227, 229], which are associated with mammalian GSTs.[230, 231] 
While the advantages for herbivores of OPDA isomerization - namely, the early 
recognition of defense responses in plants - are relatively obvious, the reason for and 
significance of this extremely specific transformation remain unknown. One 
explanation according to Li et al.[204] is that insects in the course of co-evolution have 
“learned” to recognize OPDA. Evidence supporting this notion is the fact that the 
ability to isomerize OPDA is associated with generalist, polyphagous insects only, not 
with specialists (Unpublished results Part II), which means that the responsible 
enzyme appeared as a separate trait in a certain moment of evolution. This 
reasoning does not, however, clarify the mechanistic basis and the need of the 
transformation.  
Another explanation could be associated with the reactive unsaturated 
double bond system of OPDA, which can be correlated with its putative toxicity. It has 
been shown for jasmonates that flattening the cyclopentenone ring - this happens 
when the double bond is introduced between the substituents - leads to a decrease 
in activity.[80, 232] In the case of OPDA, such a change transforms the molecule to 
more substituted and therefore less reactive Michael acceptor. This hypothesis 
implies the existence of receptors to which OPDA can bind and cause “toxic” effects.  
9.4.1. OPDA interference with putative prostaglandin receptors in insects 
In the search for putative OPDA receptors in insects, one has to bring up the 
closest structural “cousins” of jasmonates in animal kingdom, the prostaglandins. 
With regard to structural and functional similarity, the following question may be 
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asked: Is OPDA isomerization in insects a way of avoiding interference between 
plant-derived octadecanoic signals and animal-related eicosanoid signals?  
The presence of eicosanoids in insects has been proven.[233, 234] Eicosanoids 
have been repeatedly proposed to play a role in important physiological processes, 
for example, reproduction [233, 235, 236] and immune responses.[234, 237-239] The majority 
of these studies argue that prostaglandins are involved, based on indirect evidence 
(for review see Stanley-Samuelson 2006 [240]), such as higher mortality rates among 
bacterially infected tobacco hornworm (Manduca sexta) larvae injected with 
prostaglandin biosynthesis inhibitors [237], or the ability of isolated body tissues to 
transform arachidonic acid to several different prostaglandins.[241, 242] Only few 
reports present analytical proof of the presence of prostaglandins in insects [234] and 
practically nothing is known about prostaglandin receptors in insects.[236] This limited 
and vague knowledge about the role and function of prostaglandins in insects can not 
provide competent arguments in the discussion of the proposed hypothesis. 
Interestingly, however, preliminary experimental results indicate that OPDA has 
an effect on insects‟ development. In attempt to pin down the possible negative/toxic 
effect of OPDA, we carried out experiments in which aqueous solutions of OPDA 
were injected into the fat body of the 4-th instar Spodoptera littoralis. In this way a 
“deactivating” isomerization taking place in the insect gut was avoided and the 
potential effect of OPDA revealed. In the trial size of 66 caterpillars, the OPDA-
injected individuals pupated statistically 1 day earlier than the control group, which 
was injected with water. A similar effect was not observed for insects injected with 
water solutions of tetadehydrodicranenone B - iso-OPDA.  
This preliminary result can only be interpreted cautiously, since the injected 
amounts of OPDA (0.5 g per larvae) were relatively high when compared with the 
ones naturally encountered by caterpillars. Moreover, early pupation is a very general 
insect stress response, and without further studies it‟s almost impossible to assess 
the exact significance of this finding and its correlation to prostaglandin role in 
insects.  
9.5. Putative significance of OPDA isomerase for plants  
The hypothesis presented in Article IV concerning the presence and function of 
a putative OPDA isomerase in plants is controversial, mainly due to the fact that 
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strong evidence for iso-OPDA‟s presence in plant tissue is missing. 
Tetrahydrodicranenone B was only once reported to accumulate in sorbitol-stressed 
barley leaves.[232] In extracts from several different plant and flower tissues (Article 
IV), no traces of iso-OPDA were detected. It is, however, possible that the isomerized 
OPDA is immediately channeled through the -oxidation cycles to form cis-jasmone 
and in this way never accumulates in plants.  
Considering structural similarities, it is clear that the cis-jasmone has to originate 
from jasmonates. The biosynthetic pathway starting from jasmonic acid was 
established several years ago [80], but the putative enzymes involved (leading from 
jasmonic acid to didehydrojasmonic acid) have not yet been identified.[63] From a 
strictly theoretical point of view, isomerization of the double bond position is 
energetically more favorable than the oxidation/elimination cycle, which also makes 
the hypothetical pathway proposed in the Article V more profitable.  
The role of cis-jasmone, which was proposed to be “the volatile sink” for 
jasmonic acid [80], was recently re-discovered and supports the importance of cis-
jasmone in plant defense.[20, 243] This volatile signal is directly repellent to aphids and 
at the same time attractive to aphid antagonists, such as the seven-spot ladybird (C. 
semptepunctata). The positive effects of cis-jasmone have been shown not only in 
laboratory experiments but also in field studies.[20, 83, 244] Furthermore, cis-jasmone 
was shown to induce a unique set of genes in A. thaliana, very different from 
responses to structurally similar methyl jasmonate.[245] Overall, the importance of and 
interest in field applications of cis-jasmone have increased dramatically in the last 
few years.  
Results presented in this thesis help fill in the details of this trend. In particular, 
correlating OPDA isomerization activity with the group of glutathione S-transferases 
can help to identify a putative, corresponding enzyme in the plant genome. Although 
today the idea of cloning insect OPDA isomerase into plants is only a theoretical 
possibility, such a transformation would give plants, which do not normally dispose of 




During co-evolution plants have evolved a myriad of different responses to 
defend themselves against various enemies such as insects or pathogens. These 
defense strategies can either be constitutively expressed (spikes, thorns, secondary 
metabolites) or induced in response to attack. The activation of such defense 
mechanisms is mediated by a set of signals in which jasmonates play an essential 
role.  
The goal of this thesis was to study the importance of JA signaling in plant 
responses to different stress stimuli (herbivore feeding, continuous mechanical 
wounding, treatment with fungal elicitors) and to establish whether, in the course of 
evolutionary adaptations, insects have evolved ways to perceive or manipulate this 
primary defensive plant signal.  
In the course of research dedicated to pursuing these objectives, the following 
observations were made: 
Jasmonates are universal stress signals in plant kingdom. Confirming 
established knowledge, the results of this thesis showed the universal involvement of 
jasmonates in the general plant response reaction. JA and OPDA levels accumulated 
after elicitation with herbivore feeding (Spodoptera littoralis), continuous mechanical 
wounding (MecWorm), and treatment with the fungal elicitor chitosan in different 
plant species: Arabidopsis thaliana, Phaseolus lunatus, Picea abies. Interesting 
differences were found in the accumulation of JA in response to mechanical 
wounding at night and during the day. This finding may be of great significance for 
understanding ecological interactions between plants and insects. 
Continuous mechanical wounding is sufficient to upregulate genes hitherto 
correlated with herbivore-specific responses. Differential gene expression 
analysis of the leaves of A. thaliana damaged with mechanical caterpillar – 
MecWorm - showed that continuous mechanical damage is sufficient to upregulate 
plant genes previously correlated with herbivore-specific responses. Moreover, 
analysis of phytohormone levels in these leaves enabled a linear correlation to be 
established between the amounts of damage and the amounts of accumulated JA, 
which suggests that the biosynthesis of jasmonic acid depends on the disruption of 
separate, single cells.  
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Specialist insect Plutella xylostella can influence JA signaling in Arabidopsis 
thaliana. Comparing the levels of JA and OPDA in leaves of A.thaliana damaged by 
a specialist herbivore (the diamondback moth) and the mechanical caterpillar 
revealed significant differences, which imply that P. xylostella may be able to 
suppress the biosynthesis of JA, the major stress responsive plant signaling 
molecule. Further studies are necessary to elucidate the character of insects‟ 
influence on the plant physiology.  
Generalist insects recognize the plant signaling molecule 12-oxophytodienoic 
acid. Generalist insects (Spodoptera littoralis, Helicoverpa zea and others) were 
found to posses an ability to enzymatically isomerize plant signaling molecule – 12-
oxophytodienoic acid, an early precursor of JA. The activity of the putative enzyme 
was correlated with the group of glutathione S-transferases. The subsequent 
expression of candidate genes in E. coli revealed one enzyme that exhibited OPDA 
isomerization activity. Specialist insects seem not to possess the relevant enzyme.  
Alternative biosynthetic pathway leading to cis-jasmone can be useful for 
future crop protection. Defining the plant‟s ability to convert iso-OPDA to cis-
jasmone and finding at the same time a candidate gene for OPDA isomerase allows 
theoretical speculation about specific genetic modifications, namely, those that would 















Im Laufe der Coevolution mit anderen Organismen haben Pflanzen zahlreiche 
Schutzmechanismen entwickelt, um sich gegen unterschiedliche Fraßfeinde, wie 
Insekten oder Pathogene, zu verteidigen. Diese Abwehr erfolgt entweder konstitutiv 
in Form von beispielsweise Dornen, Stacheln oder Sekundärmetaboliten oder 
induziert als Antwort auf einen Angriff. Die Aktivierung dieses Abwehrmechanismus 
erfolgt durch eine Reihe von Signalen, wobei Jasmonate eine essentielle Rolle 
spielen.  
Das Ziel dieser Arbeit war es zu untersuchen, wie wichtig das Jasmonsäure 
„signaling“ für die Antworten der Pflanzen auf verschiedene Stressstimuli, wie Fraß 
durch Herbivoren, kontinuierliche mechanische Verwundung oder Behandlung mit 
fungalen Elizitoren ist. Des Weiteren sollte festgestellt werden, ob Insekten im Laufe 
der coevulotionären Anpassung einen Weg zur Wahrnehmung und Manipulation der 
pflanzlichen Abwehrsignale gefunden haben. 
Im Zuge der Forschungsarbeiten zur Beantwortung der obengenanten 
Fragestellung wurden folgende Beobachtungen gemacht: 
Jasmonate sind universelle Stresssignale des Pflanzenreiches. Im Rahmen 
dieser Arbeit konnte bestätigt werden, dass Jasmonate stets an der generellen 
Abwehrreaktion der Pflanzen beteiligt sind. Es konnte ein Anstieg des JA- und 
OPDA-Gehaltes, ausgelöst durch folgende Elizitoren, beobachtet werden: 
Herbivorenfraß (Spodoptera littoralis), kontinuierliche mechanische Verwundung 
(MecWorm) und Behandlung mit fungalen Elizitoren (Chitosan). Untersucht wurden 
verschiedene Pflanzenarten: Arabidopsis thaliana, Phaseolus lunatus, Picea abies. 
Außerdem konnten interessante Unterschiede in der Menge der akkumulierten JA 
nach kontinuierlicher mechanischer Verwundung am Tag und in der Nacht 
festgestellt werden. Diese Beobachtung könnte von großer Bedeutung für die 
Regulation der ökologischen Interaktionen zwischen Insekten und Pflanzen sein. 
Kontinuierliche mechanische Verwundung ist ausreichend, um jene Gene hoch 
zu regulieren, die auch für die bereits beobachtete Antwort auf Herbivorenfraß 
verantwortlich sind. Zusätzlich ermöglichte die Analyse des Phytohormonniveaus 
eine lineare Korrelation zwischen der Menge der akkumulierten JA und der Fläche 
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der Blattverletzung. Dieser quantitative Zusammenhang lässt vermuten, dass die JA-
Biosynthese von der Verletzung der separaten Zellen abhängig ist. 
Der Spezialist Plutella xylostella kann das JA „signalling“ in A. thaliana 
beeinflussen. Ein Vergleich des JA- und OPDA-Niveaus von A. thaliana Blättern 
nach einer Verwundung durch die Kohlschabe zum einen und Mec Worm zum 
anderen zeigte signifikante Unterschiede. Dies lässt vermuten, dass P. xylostella in 
der Lage ist, die Biosynthese von JA, dem wichtigsten Signalmolekül der 
Pflanzenabwehr, zu unterdrücken. Um den Modus dieses Einflusses auf die 
Physiologie der Pflanze zu erklären, sind weitere Untersuchungen nötig. 
Generalisten können das pflanzlichen Signalmolekül 12-Oxophytodiensäure 
erkennen. Es wurde gezeigt, dass Generalisten, wie Spodoptera littoralis oder 
Helicoverpa zea fähig sind, das pflanzliche Signalmolekül OPDA enzymatisch zu 
isomerisieren. Das hierfür verantwortliche Enzym steht offensichtlich mit der Gruppe 
der Glutathion-S-Transferasen (GST) in Zusammenhang. Expression der Kandidat-
Gene in E. coli zeigte nur ein Enzym, das die Isomerisierung von OPDA katalysierte. 
Spezialisten scheinen dieses relevante Enzym nicht zu besitzen.  
Ein alternativer biosynthetischer Weg zum cis-Jasmon könnte zukünftig 
Anwendung im Pflanzenchutz finden. Mit der Entdeckung der OPDA-Isomerase 
und basierend auf der Tatsache, dass Pflanzen in der Lage sind, iso-OPDA zum cis-
Jasmon umzuwandeln, wäre eine genetische Modifikation denkbar, nach der es 
Pflanzen möglich sein sollte, cis-Jasmon zu produzieren, um so auf einen externen 
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15. Supplementary material 
15.1. Unpublished results Part I  
Expression analysis by RealTime PCR. For real-time PCR RNA quantity and 
integrity was additionally determined with RNA Nano LabChips run on an Agilent 
2100 Bioanalyzer (Agilent). Subsequently, 400 ng of DNA-free total RNA was 
converted into single-stranded cDNA using a mix of random and oligo-dT20 primers 
according to the ABgene protocol (ABgene, UK). Gene-specific primers were 
designed on the basis of sequence obtained for selected Arabidopsis genes and 
several additional genes as potential house-keeping genes to serve as the 
endogenous control (normalizer). Q-RT-PCR was done in optical 96-well plates on a 
MX3000P Real-Time PCR Detection System (Stratagene, USA) using the Absolute 
QPCR SYBR green Mix (ABgene) to monitor double-stranded DNA synthesis in 
combination with ROX as a passive reference dye included in the PCR master mix. A 
dissociation curve analysis was performed for all primer/probe pairs, and all 
experimental samples yielded a single sharp peak at the amplicon‟s melting 
temperature. Furthermore, we tested four genes as invariant endogenous controls in 
the assay to correct for sample-to-sample variation in RT-PCR efficiency and errors 
in sample quantitation, and found both RPS18B and EF-1α performed best as an 
endogenous control („normalizer‟). The dynamic range of a given primer/probe 
system and its normalizer was examined by running triplicate reactions of tenfold-
dilution series (five different RNA concentrations). The resulting standard curve was a 
nearly straight line for both the target and normalizer realtime PCRs for the same 
range of total RNA concentrations. For all PCRs, efficiency was between 94% and 
106%. Since target and normalizer had similar dynamic ranges, we used the 
comparative quantitation method (ΔΔCt) to contrast MecWorm versus controls (M-C), 
P. xylostella versus controls (P-C), and P. xylostella versus MecWorm treatments (P-
M), and transformed to absolute values with 2-ΔΔCt for obtaining fold changes between 
MecWorm and controls (M vs C), P. xylostella and controls (P vs C), and P. xylostella 
and MecWorm (P vs M). All of the assays were run in triplicate (biological replication) 
and quadruplicate (technical replication) to control for overall variability. Relative fold 
changes for each gene were set to 1 for the control treatment (non-treated control 
plants). 
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Microarray hybridizations and raw data processing were performed by MOgene (St. 
Louis, MO) according to the instructions of the array manufacturer. In the table 
(Tab.1), the first column depicts genes with The Arabidopsis Information Resource 
(TAIR) identifier and a short gene product description. Least square means were 
obtained for controls (C), MecWorm (M) and P. xylostella (P) treatments after 
standardization (Raw data/Total Raw Data). For comparisons between MecWorm 
and controls (M/C), P. xylostella and controls (P/C), and P. xylostella and MecWorm 
(P/M), fold change, F ratio, and statistical significance for differential transcript 
accumulation are indicated. 
Table 1. Transcript profiling with Agilent Arabidopsis ATH3 microarrays and with RealTime PCR. 
Fold F ratio;        Fold F ratio;      Fold F ratio;       
Change P (df = 1,7) Change P (df = 1,7) Change P (df = 1,4)
Treatment C              M              P              C         M             P          C         M             P           C            M             P          
N 6 3 3 2 2 2 2 2 2
Comparison M-C P-C P-M M vs  C P vs C P vs M
Gene
At1g51760 773.4 228.7 3.9
(IAR3) <0.0001 <0.0001 0.1184
At3g50260                      44.5 47.1 0.0
(AP2 transcr. factor) 0.0003 0.0003 0.9166
At4g23600                 159.2 282.4 8.7
(CORI3) <0.0001 <0.0001 0.0420
At5g24770                   303.7 2668.3 1.1
(VSP2) <0.0001 <0.0001 0.3497
At3g16470                      156.9 203.0 4.7
(JR1) <0.0001 <0.0001 0.0976
At5g28237         41.8 73.9 1.0
(Tryptophan synthase, β) 0.0004 <0.0001 0.3840
At2g29450         123.1 103.6 7.5
(ATGSTU5) <0.0001 <0.0001 0.0516
At3g45140                  111.3 42.2 0.2
(LOX2) <0.0001 0.0004 0.7025
At3g13790           28.2 212.0 1.1
(BFRUCT1) 0.0011 <0.0001 0.3458
At1g07400               75.9 0.0 33.4
(HSP17.8-CI) <0.0001 0.8687 0.0045
At1g52560              197.1 1.0 63.7
(HSP26.5-P) <0.0001 0.3604 0.0013
At1g53540             247.8 2.2 119.4
(HSP17.6C-CI) <0.0001 0.1780 0.0004
At1g59860             107 0.0 47.2
(HSP17.6A-CI) <0.0001 0.9735 0.0024
At1g72070                  236.2 3.4 86.5
(TCJ2) <0.0001 0.1057 0.0007
At1g74310             418.1 0.7 180.9
(HSP101) <0.0001 0.4419 0.0002
At1g80920               187.5 28.3 43.4
(HSP40) <0.0001 0.0011 0.0027
At2g20560               31.9 0.0 14.8
(HSP40) 0.0008 0.9467 0.0184
At2g26150             214.2 0.4 70.0
(ATHSFA2) <0.0001 0.5340 0.0011
At2g29500            46.1 0.5 20.3
(HSP17.6B-CI) 0.0003 0.4877 0.0108
At2g32120               669.2 0.5 383.8
(HSP70) <0.0001 0.4857 <0.0001
At3g12580               86.6 1.9 44.0
(HSP70) <0.0001 0.2152 0.0027
At3g46230              139.4 0.1 65.3
(HSP17.4-CI) <0.0001 0.7975 0.0013
At4g10250              548.0 0.0 434.3
(HSP22.0-ER) <0.0001 0.9812 <0.0001
At4g11660                 58.1 5.0 42.7
(HSF7) 0.0001 0.0608 0.0028
At4g25200              71.7 1.6 34.7
(HSP23.6-M) <0.0001 0.2457 0.0042
At4g36990                 62.5 7.5 16.4
(HSF4) <0.0001 0.0286 0.0155
At5g12030            132.0 0.0 60.9
(HSP17.7-CII) <0.0001 0.8341 0.0015
At5g23240               198.3 0.2 38.1
(HSP40) <0.0001 0.6648 0.0035
At5g52640                95 5.2 50.5
(HSP81-1) <0.0001 0.0571 0.0021
At5g62020                    122.3 25.5 38.4








































































































































































































































2.6E-06 1.3E-05 1.3E-05 22.7 28.1 24.4 24.2
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3.3E-05 1.3E-04 1.5E-04 3.9 4.6 1.2
Δ Ct (Test Gene - Control Gene)
Agilent Arabidopsis ATH3 Microarray RealTime PCR
Least Square Means                                               Least Square Means             Least Square Means                       
ΔΔ Ct 2
-ΔΔ Ct
 = Fold Change




15.2. Unpublished results Part II 
Materials and Methods 
Separating cytosolic and microsomal protein fractions. Larval midguts (30 H. 
armigera larva, 4-th instar) were dissected and split longitudinally, washed in ice-cold 
0,1M phosphate buffer and submerged into ice-cold homogenization buffer (0,1M 
PBS, 1mM EDTA, 1mM DTT, 1mM PTU, 5mM Protease Inhibitor – Pierce). Midguts 
were homogenized with a Polytron homogenizer (Brinkman Industries). The 
homogenate was centrifuged at 4°C 10,000 g for 10 min and the supernatant was 
filtered through the glass wool to get rid of any possible debris. For obtaining the 
microsomal fraction filtrate was centrifuged at 4°C 100,000g for 60 min. Microsomal 
pellet was dissolved in buffer (0,1M PBS, 20% glycerol, 0,1mM EDTA, 0,1mM DTT, 
0,1M PTU, 1% Triton X-100, 5mM Protease Inhibitor – Pierce).  
GSTs visualization and separation on 1D and 2D SDS pages. To visualize 
proteins present in the elution fraction, Sodium Dodecyl Sulphate Polyacrylamide 
Gradient Gel Electrophoresis (SDS-PAGE) was performed in a XT-MES buffer 
system. We used both 1D and 2D SDS electrophoresis. Samples were transferred to 
new tubes, loading buffer was added to the samples, heat denatured and loaded on 
a 4 – 12 % Bis-Tris Criterion XT Precast Gel (BioRad). Gels were run at 80V for ~ 3.5 
hours or until the dye front reached the gel end. On the gels, two different protein 
markers were used. Rainbow marker (Amersham) served as a running control 
marker and the Precision Plus Protein Unstained Standard (BioRad) for precise 
protein molecular weight estimation. After the run was complete, gels were washed 3 
times for 15 min, followed by staining with Coommassie blue (Imperial Blue, Pierce) 
for 2-3 hours, then de-stained overnight. In the case of 2D gels, proteins were fixed 
on gel after electrophoresis step in 40% (v/v) ethanol and 10% (v/v) acetic acid for 60 
min and stained overnight with Colloidal Coomassie staining.  
MALDI-TOF analysis of the proteins. For protein identification, spots were 
manually cut out from SDS-gels, transferred to 96-well microtiterplates (MTP) and 
processed on an automatic Ettan TA Digester (GE Healthcare). The gel plugs were 
rinsed with 50 mM ammonium bicarbonate/50% acetonitrile three times for 20 min to 
remove the Coomassie stain. The gel plugs were then air-dried and digested with 
trypsin overnight at 37°C. The resulting peptides were extracted from the gel plugs, 
collected in an MTP and vacuum-dried. Samples were submitted for MALDI-TOF 
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mass spectrometry and de novo sequencing by Q-TOF to our in-house MassSpec 
service group. 
HPLC-MS2 analysis and purification of the GS-OPDA conjugate. Qualitative 
HPLC-MS2 measurements and purification of GS-OPDA conjugate were performed 
on HPLC system Agilent HP1100 coupled with LTQ mass spectrometer (Thermo 
Finnigan, Bremen, Germany). HPLC separation was achieved on a Phenomenex 
column Synergy polar RP (250 mm x 2 mm, 4 mm) (Phenomenex, Aschaffenburg, 
Germany) by using gradient of elution at 0.2 mLmin-1 (solvent A: H2O, 0.5% AcOH; 
solvent B: MeCN, 0.5% AcOH) starting with 20% B (3 min), programmed to 100% B 
in 20 min. Elution with 100% B was maintained for 5 min prior to equilibration with the 
initial solvent mixture. MS1 and MS2 analyses were performed initially in negative and 
positive ESI mode (Fig.1). For subsequent qualitative analysis and purification of the 
conjugate ESI negative mode was used. Analysis of the gut content and feces 
samples for the GS-OPDA conjugate was performed on microHPLC DIONEX system 
Ultimate 3000 (DIONEX, Germering, Germany) hooked to a Thermo Finnigan LTQ 
mass spectrometer and equipped with Phenomenex Luna C18 (20 mm x 0.30 mm, 5 
m) column, using already described solvent gradient of elution at 4 Lmin-1. NMR 
spectroscopy was performed with a cryo probe on a Bruker AV-500 MHz NMR 
spectrometer (see below). 
NMR and MS spectra of synthesized OPDA-GSH. Since our starting material - cis-
OPDA was obtained via the flaxseed extract preparation, which generates a mixture 
of cis-(+)-(9S,13S) and cis-(-)-(9R,13R)-OPDA (in our case modest excess of cis-(+) 
(9S,13S) on the basis of CD spectrum).[246, 247] Subsequent chemical synthesis can 
result in unspecific formation of theoretically eight possible isomers of the conjugate. 
We know however from previous feeding experiments that this cis-OPDA 
enantiomeric mixture is being fully isomerized by the insects. Moreover the plant 
derived OPDA is optically pure (cis-(+)-(9S,13S)-OPDA) and thus we conclude that it 
is not the absolute configuration of the side chains which is crucial for the 
transformation, but the cis relationship between them. To simplify the analysis we 
focused only on the relations of the side chains and the GSH moiety to each other 
and to the cyclopentanone ring plane (since the NMR spectra of cis(+) and cis(-)-
OPDA are identical, we analyzed the spectra for orientation of the side chains and 
the GSH moiety relative to each other and to the cyclopentanone ring plane). Basic 
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reaction conditions and the excess of GSH cause almost immediate epimerization on 





 spectra of OPDA-GSH: A) in positive mode (Collision Energy 27%), fragmentation 
spectrum of psedudomolecular ion [M+H]
+
 m/z 600, B) in negative mode ([M-H]
-
 m/z 598). Main 




to trans-OPDA. The other chiral center of the OPDA-GSH is generated by 
conjugation, where the attack of nucleophilic sulphur can occur either from “above” or 
from “below” of the cyclopentenone ring plane. Taking in consideration the steric 
hindrance of the initial cis-OPDA side chains the preferential attack of the GSH 
should occur anti to the substituent. Fig.2 represents a partial 2D HSQC spectrum of 
the purified compound with assigned peak signals (detailed signal assignments and 
2D spectrum presented in Tab.1, Fig.3 with relative stereochemistry on example of 
cis-(+)-OPDA), in which there are two distinct pairs of signals, corresponding to 
olefinic carbons (15 and 16) of the side chain. These “double” signals could be 
explained by a mixture of two diastereomers: cis (Diastereomer B) and trans 
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(Diastereomer A) enantiomers of the side chains. Thanks to the 2D HSQC spectrum 
an estimation of the enantiomer-ratio was possible (A:B = 1.6:1) on the basis of the 
1H spectrum integrals (Fig.2). In contrast, elucidation of the stereochemistry on the 
C10 turned out to be more complicated. Using the information from ROESY spectra 
we could identify the interaction between the signals of 10A and 10B protons with the 
combined signals of protons 5-8 of the side chain (Fig.4), which is only possible 
when the GSH moiety is situated on the opposite side of the cyclopentanone ring 




Figure 2. Part of the 2D HSQC spectrum of the OPDA-GSH. Ratio of the cis, trans side chain – OPDA 
isomers shown. Structures and labelling of carbon atoms in two OPDA-GSH diastereomers identified 
in the synthesis product mixture with the example of relative stereochemistry of cis(+)-OPDA as 
starting material. 
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C signals of two OPDA-GSH diastereomers (A and B) on the 
basis of 2D HSQC spectrum. 
Carbon/ associated 
proton number 
1H chemical shift / ppm 13C chemical shift / ppm 
1 - 178.0 
2 2.23 34.5 
3 1.49 25.3 
4 1.49 29.3 
5,6,7,8 1.15 – 1.35 26-31 
8A 1.15 – 1.35 28 (?) 
9A 2.12 45.8 
9B 1.75 m 46.9 
10A 3.34 43.2 
10B 3.06 44.2 
11A 2.68/2.22 44.3 
11B 2.83/2.12 47.7 
12 - ~221.0 
13A 2.61 51.9 
13B 2.08 54.5 
14A 2.19/2.06 22.8 
14B 2.27/1.96 26.8 
15A 5.25 126.9 
15B 5.16 126.2 
16A 5.37 134.2 
16B 5.37 134.8 
17 1.96 21.3 
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18 0.87 14.5 
5gA 2.97/2.78 33.6 
5gB 2.89/2.68 32.7 
4g 4.45 54.2 
3g - 172.4 
2g 3.74 42.9 
1g - 174.5 
6g - 175.2 
7g 2.40 32.6 
8g 2.02 27.2 
9g 3.59 55.0 









Figure 4. Partial ROESY spectrum with signal assignments. 
Structural information from ROESY spectrum: 
Diastereomer A:  
3.34 (H10A) ---- 1.22 (CH2 side chain at C9, 5-8)  H13A, H10A, H11A and side  
2.61 (H13A) ---- 1.22 (CH2 side chain at C9, 5-8)  chain at C9 on the same side of  
2.68 (H11A) ---- 1.22 (CH2 side chain at C9, 5-8)  cyclopentanone ring plain 
Diastereomer B: 
3.06 (H10B) ---- 1.24 (CH2 side chain at C9, 5-8)  Side chains at H13B and H9 and  
2.27 (H14B) ---- 1.24 (CH2 side chain at C9, 5-8)  H10B on the same side  
 
Table 2. Primers used for expression of GST 16. 
Gene Forward Primer Reverse Primer 
GST 16 ATGGGTTTGACAGTATACAAA GGCCAATTTCAATTTCTCGAG 
 
 
